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ABSTRACT 

An a t t empt  w a s  m a d e  to deve lop  a tungs t en -u ran ium dioxide 

c e r m e t  of high f u e l  loading with t h e r m a l  expans ion  approach ing  tha t  

of t ungs t en  and wi th  good d imens iona l  s t ab i l i t y  o n  thermal cycl ing.  

T h e s e  goa l s  w e r e  sought through the  u s e  of tungs ten-coa ted  u r a n i u m  

dioxide p a r t i c l e s  w i th  suff ic ient  loca l ly  ava i lab le  void volume t o  

accommoda te  the  d i f fe rence  in t h e r m a l  expans ion  between the  u r a n i u m  

dioxide and the  tungs ten  m a t r i x  and th rough  l imi t a t ion  of p l a s t i c  

de fo rma t ion  i n  the p a r t i c l e s  du r ing  f ab r i ca t ion  t o  avoid m e c h a n i c a l  

keying of the p a r t i c l e s  and the  m a t r i x .  

T h e  p a r t i c l e s  w e r e  v ib ra to r i ly  compac ted  p r i o r  to hot p re s s ing .  

T h e  t h e r m a l  expans ion  of the  c e r m e t s  w a s  d e t e r m i n e d  and they  w e r e  

t h e r m a l  c y c l e  tes ted .  

cons ide rab ly  c l o s e r  t o  that  of tungs ten  than  w a s  o b s e r v e d  w i t h  

p rev ious ly  r e p o r t e d  s p e c i m e n s  of s i m i l a r  composi t ion .  However ,  

the  t h e r m a l  cyc l ing  of t h e  c e r m e t s  r e s u l t e d  in  in to le rab le  growth.  

T h i s  growth could be accounted f o r  by the  agg lomera t ion  of g a s e s  

t r a p p e d  i n  the  u r a n i u m  dioxide p a r t i c l e s  du r ing  depos i t i on  of the  

tungs ten  coating. 

T h e  t h e r m a l  expans ion  of t he  c e r m e t s  w a s  

ix 



SUMMARY 

T h i s  top ica l  r e p o r t  w a s  p r e p a r e d  u n d e r  NASA C o n t r a c t  

NAS 3-10614, and  w a s  d i r ec t ed  toward  the deve lopmen t  of UO2-W 

c e r m e t  fue l  f o r  nuc lea r  t he rmion ic  e m i t t e r s .  

Tungs  ten-coa ted ,  porous U 0 2  s p h e r e s  nominal ly  20  a n d  200 p m  

in d i a m e t e r  w e r e  v ib ra to r i ly  compacted  t o  a p p r o x i m a t e l y  8070 packing 

d e n s i t y  in  g raph i t e  h o t - p r e s s i n g  d i e s .  T h e  p a r t i c l e s  w e r e  c o m p a c t e d  

t o  90 and  95% of t h e o r e t i c a l  dens i ty  by hot p r e s s i n g  a t  1700°C and  

4000 and  6000 ps i .  

fu l ly  d e n s e  c e r m e t s .  

T h e  f u e l  loading w a s  53  volume p e r c e n t  U 0 2  f o r  

T h e  l i n e a r  t h e r m a l  expans ion  of the c e r m e t s  w a s  found to be 

d e s c r i b e d  by the  r e l a t ions :  

(a) f o r  the  9570 dense  c e r m e t s ,  

(b)  for the  90% dense  c e r m e t s ,  

'OAL = (4 .  227 f 0. 301) x (T-25)  t (1. 313 f 0. 2 8 2 ) x  10-7(T-2;)2; 
-€- 

w h e r e  the  t o l e r a n c e  l i m i t s  a r e  f o r  the 90% confidence i n t e r v a l  f o r  

t he  m e a n  expans ion  of t h e  a s - f a b r i c a t e d  c e r m e t s .  

expans ion  w a s  c o n s i d e r a b l y  below p rev ious  c e r m e t s  of a s i m i l a r  

compos i t ion ,  indicat ing t h a t  mechan ica l  decoupl ing of  the  fue l  p a r t  i c l e  

f r o m  the  tungs t en  m a t r i x  w a s  achieved .  

a t  1700 to 20OO0C did not de tec tab ly  a l t e r  the  t h e r m a l  expans ion  b a s e d  

o n  the  l imi t ed  n u m b e r  of s p e c i m e n s  t e s t ed .  

T h e  t h e r m a l  

Hea t  t r e a t m e n t  f o r  24 h o u r s  



T h e  c e r m e t s  w e r e  t h e r m a l  cyc led  f o r  50 t h e r m a l  c y c l e s  

T h e  c e r m e t s  g rew monotonical ly  and i so -  f r o m  150 t o  16OO0C. 

t rop ica l ly  a t  r a t e s  in the  r a n g e  of 0. 30 t o  0. 39  m i l s  p e r  inch  p e r  

cyc le .  

T h e  d imens iona l  changes  of the c e r m e t s  could be accounted 

f o r  by the  agg lomera t ion  of g a s e s  t r a p p e d  in  the  po rous  f u e l  p a r t i c l e s  

du r ing  the t h e r m o c h e m i c a l  depos i t ion  of the  tungs ten  coat ing.  

c 

2 



INTRODUCTION 

T h e r m i o n i c  dev ices  f o r  d i r e c t  conve r s ion  of t h e r m a l  e n e r g y  

produced  by nuc lea r  r eac t ion  to e l e c t r i c a l  e n e r g y  r e q u i r e  high s u r f a c e  

t e m p e r a t u r e s  f o r  t he  the rmion ic  e m i t t e r .  B e c a u s e  of t he  low t h e r m a l  

conduct ivi ty  of u r a n i u m  dioxide (UOz) ,  this r e s u l t s  in  v e r y  high c e n t r a l  

t e m p e r a t u r e s  f o r  oxide fueled the rmion ic  d e v i c e s  which  r e q u i r e  f i s s i o n  

gas  venting. Dilution of t he  oxide fue l  wi th  a r e f r a c t o r y  m e t a l  a l lows a 

cons ide rab le  i n c r e a s e  in the  t h e r m a l  conduct ivi ty  of the fuel-body and 

the  poss ib i l i ty  of comple t e  f i ss ion  product  re ten t ion .  T h e  high t h e r m a l  

conduct ivi ty  of tungs ten  coupled with i ts  compat ib i l i ty  wi th  UOz, i ts  low 

vapor  p r e s s u r e ,  fabr icabi l i ty ,  and high t e m p e r a t u r e  m e c h a n i c a l  prop-  

e r t i e s ,  m a k e  it a s u p e r i o r  choice f o r  the  rnetal  phase  of the  two-phase 

( c e r m e t )  fue l  body. (1) 

F i v e  bas i c  techniques  have been  used  f o r  f a b r i c a t i o n  of r e f r a c t o r y  

meta l -UO2 c e r m e t  bodies .  (2 ’  3 y  4, T h e s e  include the  following. 

S in t e r ing ,  wi th  o r  without p r e s s u r e ,  m i x t u r e s  
of blended powders  of the  oxide and r e f r a c t o r y  
m e t a l  components .  

S in t e r ing ,  w i th  o r  without  p r e s s u r e ,  of oxide 
p a r t i c l e s  prev ious ly  coa ted  wi th  powdered r e -  
f r a c t o r y  m e t a l  with o rgan ic  addi t ives  t o  the 
r e f r a c t o r y  m e t a l  t o  promote  coa t ing  of t he  
fue l  pa r t i c l e s .  

S in t e r ing ,  wi th  or  without p r e s s u r e ,  of oxide ’ 
p a r t i c l e s  coa ted  by t h e r m o c h e m i c a l  depos i t ion  
of the  r e f r a c t o r y  meta l .  

P r e s s u r e  s in t e r ing  of m i x t u r e s  of oxide powder  
and r e f r a c t o r y  me ta l  w i r e s  o r  f i b e r s .  

Unid i rec t ion  sol idif icat ion f r o m  the  me l t  of 
r e f r a c t o r y  m e t a l - U 0 2  m i x t u r e s  wi th  the  
r e s u l t a n t  fo rma t ion  of a l igned m e t a l  f i b e r s  
in the  oxide mat r ix .  

3 



Unfortunately,  t h e r e  i s  a l a r g e  d i f f e r e n c e  in  t h e  t h e r m a l  

expans  ion behavior  of U 0 2  and the  r e f r a c t o r y  m e t a l s ,  p a r t i c u l a r l y  

tungs ten  ( the l i n e a r  t h e r m a l  expans ion  of U 0 2  v a r i e s  f r o m  1. 8 t o  

2. 4 t i m e s  that of tungs ten  o v e r  the  t e m p e r a t u r e  r a n g e  of 100 t o  

24OOOC). (5’ 6 ,  T h e  mechan ica l  i n t e rac t ion  due to  the  d i f f e rence  in  

expans ion  of t h e  two phases  l eads  to  d imens iona l  ins tab i l i ty  of the  

c e r m e t  body on  t h e r m a l  cycl ing,  ( ”  7’ 8, which  i s  a m o r e  o r  l e s s  

inherent  f e a t u r e  of nuc lea r  t e s t  r e a c t o r  ope ra t ion  as accompanying  

changes  in power leve l ,  r e a c t o r  s c r a m s  and shutdown and r e s t a r t .  

As m u c h  as 12% i n c r e a s e  in  volume a f t e r  100 t h e r m a l  c y c l e s  f r o m  

250 to  215OOC f o r  60 volume p e r c e n t  UO2-W c e r m e t s  f a b r i c a t e d  by 

hot i sos t a t i c  p r e s s i n g  of vapor-depos i ted ,  t ungs t en -coa ted  UO2 

p a r t i c l e s  has been  r e p o r t e d .  (’) T h e  number  of power  cyc le s  t o  b e  

expe r i enced  in a p r a c t i c a l  r e a c t o r  s y s t e m  is not known p r e c i s e l y ,  

but is ce r t a in ly  m u c h  s m a l l e r  than t h o s e  enoun te red  in  t e s t  r e a c t o r s .  

In  addi t ion,  the r e s u l t a n t  expans ion  of the  c o m p o s i t e  U02-W c e r m e t  bodies  

tha t  have been m a d e  has  been  cons ide rab ly  in e x c e s s  of that  of 

tungsten,  which is a l ike ly  candida te  m a t e r i a l  f o r  the  c ladding  
m a t e r i a l  f o r  the  c e r m e t  nuc lea r  fuel.  T h u s ,  t ungs t en -c l ad  

U02-W bodies have  shown f a i l u r e  of the c ladding  a f t e r  a v e r y  

few t h e r m a l  c y c l e s  to  e leva ted  t e m p e r a t u r e s .  (1 ,  9 ,  10) 

High dens i ty  U 0 2 - W  c e r m e t s  wi th  approx ima te ly  60 and  80 

volume pe rcen t  fue l  loadings f a b r i c a t e d  by vacuum hot p r e s s i n g  

approximate ly  100 m i c r o m e t e r  d i a m e t e r  t h e r m o c  h e m i c  a l ly  tungs ten-  

coa ted  U 0 2  pa r t i c l e s  showed complex  d imens iona l  changes  on t h e r m a l  

cycling.“) To ta l  l inear d imens iona l  changes  w e r e  less than  2 p e r c e n t  

a f t e r  100 cyc le s  f r o m  150 and 1070 t o  16OO0C, but growth  o c c u r r e d  in 

s o m e  ins tances  and sh r inkage  in o t h e r s ;  and occas iona l ly  the  d imens iona l  

changes  w e r e  of oppos i te  s ign  in the  d i a m e t r a l  and  ax ia l  d i r ec t ions .  

T h e  m i c r o s t r u c t u r e  of the  t h e r m a l l y  cyc led  c e r m e t s  showed s e v e r e  

b reakup  of t h e  cont inuous tungs ten  m a t r i x  and pene t r a t ion  of n e a r l y  



e v e r y  tungs ten  g r a i n  boundary  with UO 

c iently nea r  the  s t o i c h i o m e t r i c  composi t ion  t o  e s s e n t i a l l y  r u l e  out  

oxidat ion of the  tungs ten  and tungs ten  t r a n s p o r t  in the U 0 2  as the  

m e c h a n i s m  of deg rada t ion  of t he  s t r u c t u r e .  

of the  tungs ten  m a t r i x  and the  pa r t i c l e s  induced by the  t h e r m a l  

expans  ion d i f f e rence  and s in t e r ing  of the  fue l  p a r t i c l e s  w e r e  bel ieved 

to  be the  s o u r c e  of the  d imens iona l  changes .  

though the  U 0 2  w a s  su f f i -  2 '  

Mechan ica l  i n t e rac t ion  

It  is the  c o n s e n s u s  (" 8, that  the chief p r o b l e m  in the deve lopment  

of d imens iona l ly  and s t r u c t u r a l l y  s t a b l e  tungs t en -U02  c e r m e t s  is the  

d i f f e rence  in  the  t h e r m a l  expans ion  of the  r e f r a c t o r y  m e t a l  and the  

oxide.  

t ungs t en -U02  c e r m e t  s t r u c t u r e  to o v e r c o m e  the  t h e r m a l  expans ion  

induced diff icul t ies  p rev ious ly  encountered  wi th  coated f u e l  p a r t i c l e  

c e r me t s (2 '  3, w a s  devised .  Tha t  r a t iona le  w a s  tha t  the  m e c h a n i c a l  

i n t e rac t ion  of t he  fue l  p a r t i c l e s  and the cont inuous tungs t en  m a t r i x  

could b e  avoided if suff ic ient  void volume w a s  inco rpora t ed  to  a c c o m -  

moda te  t h e  e x c e s s  t h e r m a l  expans ion  of t he  U 0 2  o v e r  t ha t  of t h e  

tungsten.  (Note tha t  th i s  p re supposes  e i t h e r  tha t  the void volume i s  

d i s t r ibu ted  a round  the  fue l  pa r t i c l e ;  i. e. , in the  so ca l l ed  "pea- in-a-pod"  

concept ,  o r  tha t  t he  U 0 2  i s  suff ic ient ly  p l a s t i c  a t  t h e  t e m p e r a t u r e  of 

i n t e rac t ion  of the r e f r a c t o r y  m e t a l  and the oxide t h a t  it c a n  flow into 

i t s  own voidage). F u r t h e r m o r e ,  the  t h e r m a l  expans ion  of t he  c e r m e t  

wi l l  be equa l  to tha t  of the  tungsten,  t hus ,  e l imina t ing  the  p r o b l e m s  

r e s u l t i n g  f r o m  the  m i s m a t c h  i n  expans ion  of the  c e r m e t  body and i ts  

tungs  ten  c ladd  ing. 

B a s e d  on th i s  conclus ion ,  a r a t iona le  f o r  a d imens iona l ly  s t a b l e  

T h e  void volume requ i r ed  f o r  accommoda t ion  of the  e x c e s s  

t h e r m a l  expans ion  of the  U 0 2  ove r  that  of tungs ten  is  given by the  

d i f f e rence  in  the  vo lumet r i c  expans ion  of the  two components  wh ich  i s  

shown as a funct ion of t e m p e r a t u r e  (5 '  6 ,  in  F i g u r e  1. Note,  f o r  example ,  

5 
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t ha t  f o r  a body des igned  to o p e r a t e  at a m a x i m u m  t e m p e r a t u r e  of 

17OO0C, 3.  3 p e r c e n t  accommodat ion  void volume ins ide  e a c h  tungs ten  

s h e l l  is r e q u i r e d .  P r e v i o u s  tungsten-UO cermets m a d e  f r o m  coated 

p a r t i c l e s  ( l J  8, have been  m a d e  with as l i t t l e  as 2 p e r c e n t  po ros i ty  

ins ide  t h e  tungs ten  s h e l l ,  obviously insuff ic ient  t o  a c c o m m o d a t e  the  

t h e r m a l  expans ion  m i s m a t c h ,  even if t he  U02  w e r e  p l a s t i c  enough t o  

flow into the  voids.  T h u s ,  if t he  d e s i r e d  cermet s t r u c t u r e  is t o  be 

achieved ,  g r e a t e r  r e t en t ion  of poros i ty  ins ide  the  tungs t en  s h e l l  is 

re qui  re d . 

2 

T h e  s h a p e  of the  fue l  p a r t i c l e s  c a n  a l s o  inf luence the  r e su l t an t  

s t ab i l i t y  of the c e r m e t  body on t h e r m a l  t r e a t m e n t ,  If t h e  fuel  p a r t i c l e s  

w e r e  per fec t  s p h e r e s ,  inside per fec t iy  s p h e r i c a i  s h e i i s  of tungsten,  no  

m e c h a n i c a l  in te rac t ion  would be  expec ted  if suf f ic ien t  p e r i p h e r a l  void 

volume w e r e  ava i lab le  t o  accommoda te  the  e x c e s s  t h e r m a l  expans ion  of 

the  U02 .  However ,  non- sphe r i ca l  p a r t i c l e s  are l ike ly  t o  produce  

m e c h a n i c a l  in te rac t ion  th rough  r eo r i en ta t ion  of t h e  fue l  p a r t i c l e s  in 

t h e i r  s h e l l s  du r ing  t h e r m a l  cycling. T h u s  , i m p r o v e m e n t s  in s p h e r i c i t y  

of t he  fue l  p a r t i c l e s  should  improve  the  p e r f o r m a n c e  of the c e r m e t  body. 

Both i sos t a t i c (8 )  and unidirect ional ' ' '  2 ,  h o t - p r e s s i n g  of high f u e l  loading 

tungs t en -U02  c e r m e t s  produced by the  coa ted  p a r t i c l e  technique wi th  

e s s e n t i a l l y  m o n o d i s p e r s e  pa r t i c l e s  r e s u l t s  in s e v e r e  devia t ion  of t h e  

f u e l  p a r t i c l e s  f r o m  sphe r i c i ty ,  a s  a r e s u l t  of p l a s t i c  de fo rma t ion  

of the  p a r t i c l e s  du r ing  fabr ica t ion .  Th i s  p l a s t i c  de fo rma t ion  i s  

r e q u i r e d  because  of t he  low packing dens i ty  of the p a r t i c l e s  when loaded  

into the  ho t -p res s ing  d i e  o r  capsu le  and the  consc ious  a t t empt  t o  obta in  

high dens i ty  bodies.  F o r  example ,  the m a x i m u m  t h e o r e t i c a l  packing 

dens i ty  of m o n o d i s p e r s e  (s  ing le-s ize)  p a r t i c l e s  i s  only 7 4  percen t ,  

w i t h  ac tua l  r a n d o m  packing of s p h e r i c a l  p a r t i c l e s  m o r e  c l o s e l y  approaching  

a packing  dens i ty  of 60 to  6 3  percent .  (13) T h u s ,  e l imina t ion  of po ros i ty  

be tween the  tungs t en  s h e l l s  of such  a n  a s s e m b l a g e  r e q u i r e s  a volume 

d e c r e a s e  of 3 7  t o  4 0  p e r c e n t ,  resu l t ing  in a n  equiva len t  amoun t  of t o t a l  

v o l u m e t r i c  p l a s t i c  s t r a i n  in  the  pa r t i c l e s .  

(12) 
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T h e  obvious approach  t o  achieve  a c l o s e r  a p p r o a c h  to  s p h e r i c i t y  

in the fue l  pa r t i c l e s  a f t e r  f ab r i ca t ion  th rough  a d e c r e a s e  in the  r e q u i r e d  

de fo rma t ion  of the  p a r t i c l e s  is t o  i n c r e a s e  t h e  packing dens i ty  p r i o r  t o  

appl icat ion of t e m p e r a t u r e  and p r e s s u r e .  

r e s o r t i n g  to o t h e r  than  m o n o d i s p e r s e  p a r t i c l e s .  F o r  a two-component  

m i x t u r e  of p a r t i c l e s ,  the m a x i m u m  packing dens i ty  i n c r e a s e s  wi th  the  

r a t i o  of s i z e s  of the  pa r t i c l e s .  

s i z e  r a t i o s  g r e a t e r  than 1 0 0 / 1  and f o r  p a r t i c l e s  t ha t  individually pack 

r andomly  to  a dens i ty  of 60 pe rcen t ,  a s i z e  r a t i o  of 1 0 / 1  a c c o m p l i s h e s  

two- th i rds  of t he  m a x i m u m  poss ib le  packing dens i ty  i n c r e a s e .  

In  addi t ion,  when cons ide r ing  f a b r i c a t i o n  of c o a t e d  p a r t i c l e s  f o r  fab-  

r i ca t ion  of c e r m e t s ,  the  poss ib l e  r ange  of p a r t i c l e  s i z e s  that  c a n  be  

t h e r m o c h e m i c a l l y  coa ted  i s  about 10 /1 .  

T h i s  c a n  b e  achieved  by 

E s s e n t i a l l y  no i n c r e a s e  is achieved  f o r  

(12)  

With  s u c h  a m i x t u r e  of 
p a r t i c l e  s i z e s ,  a packing dens i ty  of 83% is  poss ib l e .  (14)  

If such  a packing dens i ty  is ach ieved  p r i o r  t o  h o t - p r e s s i n g ,  

e l imina t ion  of the  i n t e r p a r t i c l e  po ros i ty  wi l l  r e q u i r e  a vo lumet r i c  

p l a s t i c  de fo rma t ion  of the  tungs ten  s h e l l s  of only 17 percent .  

if t he  s t a r t i ng  fue l  p a r t i c l e s  conta in  in e x c e s s  of t ha t  amount  (17  

p e r c e n t )  of poros i ty  p r i o r  to hot p r e s s i n g ,  the  e x c e s s  po ros i ty  should 

be  r e t a ined  within the  tungs ten  s h e l l s ,  and wi l l  b e  ava i lab le  f o r  

accommodat ion  of the  e x c e s s  t h e r m a l  expans ion  of the  U 0 2  o v e r  that  

of tungsten.  

f o r  example ,  3 .  3 percen t  void volume f o r  accommoda t ion  of the  

e x c e s s  t h e r m a l  expans ion  is  r e q u i r e d .  

(17% t 3. 3%) void volume in  the  o r i g i n a l  f u e l  p a r t i c l e s  is needed 

t o  ach ieve  this object ive.  

T h u s ,  

If the  ope ra t ion  of the  c e r m e t  body i s  to be a t  17OO0C, 

T h e  to t a l  of 20. 3 p e r c e n t  

It  is l ikely tha t ,  after hot p r e s s i n g  of  t h e  tungs t en -coa ted  

porous  U 0 2  p a r t i c l e s ,  s o m e  of the  r e m a i n i n g  void volume in the  tungs ten  

s h e l l s  w i l l  be d i s t r ibu ted  throughout  the  U O  

loca ted  pe r iphe ra l ly  a round  the p a r t i c l e s .  

t o  the  fue l  pa r t i c l e - tungs t en  s h e l l  gap  by s i n t e r i n g  of t h e  fuel  m a y  be 

p a r t i c l e s  r a t h e r  t han  2 
Red i s t r ibu t ion  of th i s  poros i ty  



poss ib l e  by hea t  t r e a t i n g  of the  h o t - p r e s s e d  c e r m e t  body. 

should c a u s e  the  t e m p e r a t u r e  a t  which contac t  i s  m a d e  be tween the  

two components  to i n c r e a s e  f r o m  somewha t  below t o  above  t h e  hot 

p r e s s i n g  t e m p e r a t u r e .  

S in t e r ing  

B a s e d  on the  above cons ide ra t ions ,  a r o u t e  to t h e  d e s i r e d  

tungs t en -U02  c e r m e t  s t r u c t u r e  with d imens iona l  and s t r u c t u r a l  s t ab i l i t y  

and  wi th  a t h e r m a l  expans ion  approaching  tha t  of tungs ten  is  as follows: 

(A) Coat  two s i z e s  of ( s i z e  r a t io  10 /1 )  high po ros i ty  
(>2O pe rcen t )  U02  pa r t i c l e s .  

(B 1 P a c k  a m i x t u r e  of t he  two p a r t i c l e s  t o  high 
packing dens  ity (80 pe rcen t )  in a hot p r e s s i n g  
d i e  o r  capsule .  

(C) Hot p r e s s  t h e  body to  a f ina l  dens i ty  of 95 p e r c e n t  
of t h e o r e t i c a l ,  e l imina t ing  i n t e r p a r t i c l e  po ros i ty  
in the  m e t a l  matrix, but r e t a in ing  3 t o  5 pe rcen t  
po ros i ty  in the  fuel  p a r t i c l e s .  

(D) Heat  t r e a t  t he  h o t - p r e s s e d  c e r m e t  body t o  effect  a 
r ed i s t r ibu t ion  of the U 0 2  poros i ty  t o  the  tungs ten 
she l l - fue l  p a r t i c l e  gap. 

It is t h e  p u r p o s e  of t h i s  r e p o r t  to d e s c r i b e  a n  e x p e r i m e n t a l  

p r o g r a m  to f a b r i c a t e  tungs ten-U02 c e r m e t s  b y  the  technique d e s c r i b e d  

above  and t o  r e p o r t  t he  r e su l t i ng  t h e r m a l  expans ion  achieved  by s u c h  a 

c e r m e t  body and its behavior  on  t h e r m a l  cycl ing.  

F o r  min imiza t ion  of va r i ab le s  in c o m p a r i s o n  wi th  p rev ious  

exper ience")  on tungs t en -U02  c e r m e t s  f o r m e d  f r o m  m o n o d i s p e r s e ,  

s phe r i ca l ,  coa ted  p a r t i c l e s ,  a unid i rec t iona l  hot - p r e s s i n g  technique  

w a s  chosen  f o r  t he  dens i f ica t ion  p r o c e s s .  

It should  b e  pointed out that  f o r  high ini t ia l  packing dens i ty  

bodies ,  the  unid i rec t iona l  ho t -p res s ing  technique c l o s e l y  a p p r o x i m a t e s  

i s o s t a t i c  hot p r e s s i n g  condi t ions ,  b e c a u s e  of t h e  d e c r e a s e  in ram 

t r a v e l  and consequent  d e c r e a s e  in w a l l  f r i c t ion  and dens i f ica t ion  gradien ts .  
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MATERIALS 

T h e  Nuc lea r  M a t e r i a l s  and Equ ipmen t  C o r p o r a t  on  in Apo 

Pennsy lvan ia ,  f a b r i c a t e d  2 0  and  200 p m  d i a m e t e r  s p h e r i c a l  U 0 2  

p a r t i c l e s  containing 30 & 570 poros i ty ,  u s i n g  a p r o p r i e t a r y  p r o c e s s .  

T h e  p a r t i c l e s  w e r e  coa ted  wi th  tungs t en  by hydrogen  r educ t ion  of 

w c 1 6  in a fluid bed r e a c t o r .  

t o  t h e  pa r t i c l e s  to  g ive  a compos i t ion  of 53  volume p e r c e n t  U 0 2  in 

the coa ted  pa r t i c l e s .  

p a r t i c l e s  a r e  l i s t ed  in T a b l e  1 .  

Suff ic ient  t ungs t en  coa t ing  w a s  appl ied  

T h e  r e s u l t s  of c h e m i c a l  a n a l y s e s  of the  coa ted  

Scanning e l e c t r o n  m i c r o g r a p h s  of the  p a r t i c l e s  are  shown in 

Note t h e  c o n s i d e r a b l e  va r i a t ion  in s i z e  of the  F i g u r e s  2 th rough 5 .  

nominal ly  20 m i c r o m e t e r  coa ted  p a r t i c l e s  and  c o n s i d e r a b l e  devia t ion  

f r o m  sphe r i c i ty .  T h e  va r i a t ion  in s i z e  of t h e  nominal ly  200  m i c r o m e t e r  

d i a m e t e r  p a r t i c l e s  is not as m a r k e d  n o r  is t h e  a p p a r e n t  devia t ion  f r o m  

sphe r i c i ty .  

T h e  ac tua l  a v e r a g e  d i a m e t e r s  of t h e  nominal ly  2 0  and 2 0 0  m i c r o -  

meter coa ted  p a r t i c l e s  w e r e  21. 7 & 8. 2 : :micrometers  and 250. 0 *25.  7:: 

m i c r o m e t e r s  as d e t e r m i n e d  mic roscop ica l ly .  

uncoated U 0 2  s u b s t r a t e  p a r t i c l e s  w e r e  73. 5 and  74. 6 p e r c e n t  of 
3 t h e o r e t i c a l  (10. 96 g m / c m  ) f o r  the 20 and  200 m i c r o m e t e r  p a r t i c l e s ,  

r e s p e c t i v e  ly, by t h e  vendor  I s ana lys  es. 

T h e  d e n s i t i e s  of the  

T h e  ex tens ive  r e t a i n e d  po ros i ty  in t h e  coa ted  200 m i c r o m e t e r  

p a r t i c l e s  was un i fo rmly  d i s t r ibu ted  in t h e  U 0 2  as shown in F i g u r e  6 ,  
wi th  no not iceable  pene t r a t ion  of the  tungs t en  into t h e  poros i ty .  T h e  

po ros i ty  in the s m a l l e r  (20  m i c r o m e t e r )  p a r t i c l e s  is a g g l o m e r a t e d  toward  

the  c e n t e r  of the p a r t i c l e s  as shown in F i g u r e  7,  o f ten  wi th  only a c e n t r a l  

p o r e  remain ing .  

t h i ckness  and s o m e  pene t r a t ion  of t ungs t en  into t h e  p a r t i c l e  p o r o s  t y  in 

the smaller  p a r t i c l e s .  

Note a l s o  the  a p p a r e n t  nonuni formi ty  of the c o a t  ng 

::Average F e r e t ' s  d i a m e t e r  + 1 s t a n d a r d  devia t ion .  

, 
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Table 1. CHEMICAL CHARACTERIZATION O F  TUNGSTEN 
COATED U 0 2  PARTICLES' 

200 p.n 2 0  pm 200 pm 20  pm 
Coated  Coated  Coated  Coated  

P a r t i c l e s  P a r t  i c  le s P a r t i c l e s  P a r t i c l e s  
E l e m e n t  ( P P d  ( P P d  E l e m e n t  ( P P d  ( P P d  

Ag (0. 1 <o. 1 Li <1 <1 
AL 4 24  Mg <1 6 
B 1. 2 1. 0 Mn <1 6 
C 30 - t 5 7 t 5  - Mo <3 < 3  
C a  30 1 0  N a  ( 1 5  <15 

Cd  < o .  5 < o .  5 Nb < l o o  < l o  
C l  5 5:: 48* Ni 40  36 
co < 2  < 2  P b  (1 6 
C r  4 8  < 3  S i  6 <6 
CI. <1 <1  S m  (1 <o. 5 

DY <1 <o. 5 S n  <1 <1 
Eu <o. 1 <o.  1 T i  < l o  5 
F 15* 18:% U 34. 12 wt% 34. 01  wt% 
Fe < 1 4  < 1 4  V (1 1 40 
Gd <o. 5 <o. 2 w 61. 37 wtyo 61. 41 wt% 

t T h e  O / U  r a t i o  of the a s - r e c e i v e d  p a r t i c l e s  w a s  not d e t e r m i n e d  
b e c a u s e  of s a m p l i n g  diff icul t ies .  
pe l le t s  m a d e  f r o m  t h e s e  pa r t i c l e s  w a s  1. 999 2 0. 009 as d e t e r m i n e d  
f r o m  the l a t t i ce  p a r a m e t e r  of the UOz.  

T h e  O / U  r a t i o  of a s - h o t  p r e s s e d  

:: Average  of f o u r  a n a l y s e s  as fo l lows:  

P a r t i c l e  C h l o r i n e  F l u o r i n e  
S i z e  Content  Content  

S o u r c e  of Ana lys i s  ( P d  ( P P m )  ( P P d  

Apo Lto, P e n n s  y tvania  20 50 <10 
NUMEC 2 00 51 ( 1 0  

G e n e r a l  E l e c t r i c  Company 200 41 t 1 7  5 5  
Pleas a nto n, C al if o r n i a  2 0  3 6 T  - 1 5  6 + 5  - 

G e n e r a l  E l e c t r i c  Company 200 5 8  7 
S a n  J o s e ,  Ca l i fo rn ia  20 6 7  1 6  

AEC (New B r u n s w i c k  Lab)  2 00 70 3 7  
New B r u n s w i c k ,  N. J. 20 40 40 



Figure 3. 20 Particles As RI3 zeived 

1 2  

Figure 2. 20 Particles as Received 



c 

Figure 4. 200 pm Particles as Received 

Figure 5. 200 pm Particles as Received 



r 

Figure 6. Cross-section of 200 prn Particles 
as Received 

Figure 7. Cross-section of 20 prn 
Particles as Received 
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T h e  ef fec ts  of t h e r m a l  t r e a t m e n t  on the  a s - r e c e i v e d  p a r t i c l e s  

I s o t h e r m a l  heat t r e a t m e n t  a t  180OoC f o r  24 h o u r s  w e r e  invest igated.  

in vacuum led t o  t h e r m a l  e tching of the  tungs ten  g r a i n  boundar ies  as 

shown in  F i g u r e  8. 

t o  ha l ide  i m p u r i t i e s  in t h e  tungs ten  r e su l t i ng  f r o m  the  coa t ing  p r o c e s s ,  

i s  ev ident  on the  tungs ten  g r a i n  boundar ies  as shown  in a scanning  

e l e c t r o n  m i c r o g r a p h  of t he  f r a c t u r e  s u r f a c e  ( F i g u r e  9) of a 200 m i c r o -  

meter p a r t i c l e  she l l .  

of a few d e n s e  g r a i n s  in the  c a s e  of t he  200 m i c r o m e t e r  p a r t i c l e s  as 

shown in F i g u r e s  10 and 11. T h e  dens i f ica t ion  of t h e  U 0 2  in the  l a r g e r  

p a r t i c l e s  led t o  r e l e a s e  of the U02 on sec t ion ing  once the  s h e l l  w a s  cut  

a t  the  midplane ,  indicat ing tha t  thelbea-  in-a-podl 'concept of t h e  UO2 

p a r t i c l e s  in the  tungs ten  s h e l l  could,  indeed,  be achieved .  Note,  a l so ,  

the  s in t e r ing  toge ther  of the  tungsten s h e l l s  in F i g u r e s  8 th rough  11. 

Hea t  t r e a t m e n t  a t  20OO0C for 16 hour s  produced approx ima te ly  the  s a m e  

m i c r o s t r u c t u r a l  changes  in t h e  U02 and tungsten.  

S o m e  prec ip i ta t ion  of gas  bubbles ,  appa ren t ly  due  

T h e  U 0 2  w a s  densif ied of ten wi th  the  f o r m a t i o n  

T h e  r e s p o n s e  of t he  p a r t i c l e s  t o  t h e r m a l  cyc l ing  w a s  exp lo red  

by exposing t h e m  t o  20 cyc le s  f r o m  150 t o  16OO0C ( to t a l  t i m e  at 160OoC 

w a s  10  h o u r s )  in a n  a r g o n  a tmosphe re .  

w i l l  be d i s c u s s e d  l a t e r .  Th i s  t r e a t m e n t ,  F i g u r e  12,  r e s u l t e d  in 

exagge ra t ed  t h e r m a l  e tch ing  of the tungs ten  g r a i n  boundar i e s  c o m -  

p a r e d  t o  the 180OoC f o r  24 h o u r s  hea t  t r e a t m e n t ,  as w e l l  as s i n t e r i n g  

toge the r  of the p a r t i c l e s .  

b r e a k u p  of the coa t ings  on  the s m a l l  pa r t i c l e s  as shown in F i g u r e  12 

and in me ta l log raph ica l ly  p r e p a r e d  c r o s s  sec t ions  of the  p a r t i c l e s  

( F i g u r e  13). 

f o r m a t i o n  of s e v e r a l  d e n s e  g r a i n s  in  the l a r g e r  p a r t i c l e s  ( F i g u r e  14) 

w i t h  p a r t i a l  o r  t o t a l  s e p a r a t i o n  of the g r a i n  boundar i e s  of the  U 0 2  

( F i g u r e  15). 

U 0 2  a t  the  t i m e  of deposi t ion of the tungsten coat ing.  

T h e  d e t a i l s  of t h e  t h e r m a l  cyc le  

T h e r e  a l s o  a p p e a r s  t o  b e  c o n s i d e r a b l e  

Dens i f ica t ion  of the  UO2 was  aga in  ex tens ive ,  w i th  the  

T h i s  m a y  be the  r e s u l t  of g a s e s  t r a p p e d  in  the  porous 

Both the  20 m i c r o m e t e r  and 200 m i c r o m e t e r  coa ted  p a r t i c l e s  

w e r e  hea ted  in a tungs ten  Knudsen c e l l  and the  g a s e s  e m i t t e d  w e r e  

15  



Figure 8. 20 ,urn Particles After Vacuum 
Heat Treatment at 180OoC for 
24 Hours (Note 200 p m  Particle 
at Upper Right) 

Figure 9. Fracture Surface of Tungsten 
Shell on 200 ,urn Particle After 
Vacuum Heat Treatment at  
180OoC for 24 Hours (Note 
Bubbles on Tungsten Grain 
Boundaries) 

I 
rn 
I 
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Figure 11. 

Figure 10. 

Fracture Surface of Vacuum 
Heat Treated Particles (24 Hours 
at 1 80OoC) -N ote Dense UO2 
Grains in 200 pm Particles 

1 7  

Cross-section of Vacuum Heat 
Treated Particles (24 Hours at 
1800°C)-Note Densification of 
U 0 2  and Large Grains in the 
200 pm Particles 



Figure 13. Cross-section o 
Particles After 
Cycles (1 5OoC 

Figure 

f 20 pm 
20 Thermal 
to 16OOOC) 

12. 20 pm Particles After 20 
Thermal Cycles (15OoC to 
1 60OoC) 
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. 
. Figure 14. 

. 

Figure 15. Grain Boundary Bubbles (or 
Pores) in U02 in 200 ,um 
Particles After 20 Thermal 
Cycles (15OoC to 16OOOC) 

Cross-section of 200 pm Particles 
After 20 Thermal Cycles (15OoC 
to 1600°C)-Note Large, Dense 
U02 Grains and Grain Boundary 
Pores 

19 
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analyzed  by t ime-of - f l igh t  mass s p e c t r o m e t r y .  

mic romete r  p a r t i c l e s  indicated a b r i e f ly  o b s e r v e d  peak  co r re spond ing  

t o  release of a t o m i c  ch lo r ine  at 145OoC, las t ing  only a f e w  minu tes .  

Above 15OO0C, the  vapor  s p e c i e s  emi t t ed  b y  t h e  s p e c i m e n s  w e r e  

ident ica l  t o  those emi t t ed  by U02 .  No F, HF,  HCl,  W o r  U f luo r ides  

o r  ch lo r ides  w e r e  o b s e r v e d  a t  any  t e m p e r a t u r e  to 2038 C. Analys is  

of the  20  m i c r o m e t e r  p a r t i c l e s  indicated e m i s s i o n  of what  w a s  i n t e r -  

p r e t e d  as a m i x t u r e  of tungsten ha l ides  (ma in ly  c h l o r i d e s )  f r o m  c o m -  

pos i t ions  in the  r a n g e  WC14 t o  WC16 above approx ima te ly  12OOOC. 

T h e  intensi ty  of e m i s s i o n  i n c r e a s e d  wi th  t e m p e r a t u r e  deple t ing  with 

t i m e  under  i s o t h e r m a l  condi t ions.  

Ana lys i s  of the  200 

0 

It is  poss ib l e  tha t ,  b e c a u s e  of the  smaller surface- to-volume 

r a t i o  of the l a rge  p a r t i c l e s ,  the  tungs t en  ha l ides  o b s e r v e d  in the  case 

of the  s m a l l  p a r t i c l e s  w e r e  below the  de t ec t ion  l i m i t  f o r  t h e  mass 

s p e c t r o m e t e r  when analyzing the ve ry  s m a l l  s a m p l e  of l a r g e  par t ic les . .  

T h e  r e s u l t s  do indicate  that  i t  is poss ib le  t o  r e m o v e  s o m e  of t he  

t r a p p e d  hal ides  f r o m  the coa ted  p a r t i c l e s  by hea t  t r e a t m e n t  above  

12OO0C. 

was not de t e rmined .  

The  e f f icacy  of such  a t r e a t m e n t  f o r  r e m o v a l  of t h e  ha l ides  

T h e  chemica l  spec i f ica t ions  r e f l e c t  t h e  s t a t e - o f - t h e - a r t  in  

f a b r i c a t i o n  at the  ini t ia t ion of t h e  work .  

a t t empt  t o  d e c r e a s e  f luor ide  content  a t  o r  below 10  ppm. 

the  ab i l i ty  t o  spec i fy  ch lo r ide  content  w a s  not ob ta inable  at that  t ime .  

T h e  p rob lem w a s  s e v e r e l y  compounded b y  the  p r e c i s i o n  and a c c u r a c y  

of ana ly t ica l  methods  t o  e s t a b l i s h  the t o t a l  and individual  ha l ide  leve ls  

as indicated in T a b l e  1. 

T h e r e  w a s  a consc ious  

In r e t r o s p e c t ,  

20 



FABRICATION O F  C E R M E T  BODIES 

A. P A R T I C L E  BLENDING 

At tempts  w e r e  m a d e  t o  achieve  a high packing d e n s i t y  and 

u n i f o r m  d i s t r ibu t ion  of the  nominally 20 and 200 m i c r o m e t e r  coa ted  

p a r t i c l e s  by ro l l i ng  t h e m  in  a graphi te  hot p r e s s i n g  d i e  p r i o r  to 

appl ica t ion  of t e m p e r a t u r e  and p re s swe .  

w e r e  achieved  but a un i fo rm d i s t r ibu t ion  of the two types  of p a r t i c l e s  

throughout  a c e r m e t  pel le t  with d imens  ions of approx ima te ly  1 / 2 -  inch 

d i a m e t e r  and  1 - inch  long a f t e r  dens i f ica t ion  was  not obtained. 

Vary ing  d e g r e e s  of s u c c e s s  

T h e  p a r t i c l e  blending technique of A y e r  and Soppet  (14) w a s  used  

to obtain the  d e s i r e d  high packing dens i ty  and un i fo rm d i s t r ibu t ion  of 

p a r t i c l e s  th roughout  t he  c e r m e t  pel le t .  By th is  technique ,  t h e  l a r g e r  

p a r t i c l e s  w e r e  Loaded into a graphi te  hot p r e s s i n g  d i e  and w e r e  v ibra ted  

t o  m i n i m u m  volume. During this p r o c e s s  a s l igh t  load w a s  appl ied to 

the  co lumn of p a r t i c l e s  wi th  a s c r e e n - e n d e d  th imble ,  t h e  m e s h  s i z e  of 

t h e  s c r e e n  being too small to pas s  the  l a r g e  p a r t i c l e s ,  but l a r g e  enough 

t o  r e a d i l y  p a s s  t h e  s m a l l  pa r t i c l e s  (80 m e s h  - -  117 m i c r o m e t e r  opening).  

T h e  s c r e e n - e n d e d  th imble  was then locked into posi t ion wi th  r e s p e c t  to 

the  bot tom plunger  of the graphi te  d i e  to  r e s t r a i n  the l a r g e  p a r t i c l e s  a t  

t h e i r  m i n i m u m  packing volume. T h e  s m a l l  p a r t i c l e s  w e r e  t h e n  v ibra ted  

t h r o u g h  the r e s t r a i n i n g  s c r e e n  and pene t r a t ed  throughout  t h e  i n t e r s t i c e s  

of t he  l a r g e r  pa r t i c l e s .  

A y e r  and Soppet  obse rved  e x p e r i m e n t a l l y  tha t  f o r  a s y s t e m  of 

s i n g l e - s i z e d  s p h e r i c a l  p a r t i c l e s  in a d i e  in which the  d i e  cav i ty  i s  

g r e a t e r  t han  10 t i m e s  the  d i a m e t e r  of t h e  l a r g e s t  pa r t i c l e ,  t he  m a x i m u m  

packing dens i ty ,  P d ,  w h e r e  P d  is the  perce'ntage of ava i l ab le  void 

volume occupied by the  pa r t i c l e s ,  i s  g iven  by the  re la t ion :  

21 



w h e r e  d l  and d2 are  the  d i a m e t e r s  of t he  l a r g e r  and s m a l l e r  p a r t i c l e s ,  

r e spec t ive ly .  F o r  the c a s e  of t h e  coa ted  p a r t i c l e s  w i t h  a d i a m e t e r  r a t i o  

of approx ima te ly  l O / l ,  t h i s  r e l a t i o n  g ives  a m a x i m u m  packing dens i ty  of 

83. 1 percent .  T h e  r e l a t ions  of A y e r  and Soppet  a l s o  show tha t  t h e  c o m -  

posi t ion of the p a r t i c l e  m i x t u r e  t o  ach ieve  t h i s  m a x i m u m  d e n s i t y  is  23.  6 
p e r c e n t  s m a l l  p a r t i c l e s  and 76. 4 p e r c e n t  l a r g e  p a r t i c l e s  by weight .  

S o m e  deviat ion f r o m  t h e  m a x i m u m  packing d e n s i t y  is  t o  b e  expec ted  

f o r  the  coated p a r t i c l e s  b e c a u s e  of devia t ions  of the  p a r t i c l e s  f r o m  

s p h e r i c i t y  and b e c a u s e  of t h e  d i s t r ibu t ion  of p a r t i c l e  s i z e s ,  a lbe i t  

narrow.. 

p a r t i c l e s  w e r e  i n  t h e  r a n g e  of 81 t o  8 4  pe rcen t .  

M e a s u r e d  packing d e n s i t i e s  f o r  s u c h  blends of the  coa ted  

T h e  appa ra tus  f o r  loading t h e  d i e s  is  shown in F i g u r e  16  and a 

s c h e m a t i c  d i a g r a m  and out l ine of t he  d i e  loading p r o c e d u r e  i s  given in  

F i g u r e  17. 

v ibra t ion  ampli tude ad jus ted  t o  give a m a x i m u m  flow r a t e  of the  s m a l l  

p a r t i c l e s  th rough the  i n t e r s t i c e s  of t h e  l a r g e r  p a r t i c l e s .  

cont inuing damage  to the d u m m y  s t a i n l e s s  steel d i e  p lunger  ( d e s c r i b e d  

in F i g u r e  16) ,  the n o r m a l  engrav ing  tool  w a s  r ep laced  by a blunt shaft .  

T h e  v i b r a t o r  u sed  w a s  a s i m p l e  engrav ing  too l  wi th  t h e  

T o  avoid 

B. HOT PRESSING 

T h e  coated p a r t i c l e s  w e r e  loaded by the  p r o c e s s  d e s c r i b e d  

above into graphi te  (GRAPH-I-TITE "G", C a r b o r u n d u m  Company,  

Sanborn ,  New Yoyk)  double-ac t ing  hot p r e s s i n g  d i e s .  T h e  g raph i t e  

p lungers  w e r e  mach ined  f r o m  the  same m a t e r i a l .  

w a s  0. 50-inch in d i a m e t e r  and the  to t a l  p a r t i c l e  c h a r g e  w a s  44 g r a m s .  

C e r m e t  spec imens  w e r e  dens i f ied  by  hea t ing  in  vacuum (5  x 10 t o r r )  

at approx ima te ly  95OC p e r  minute  t o  17OO0C, then  r a p i d l y  applying 

p r e s s u r e  to  the d e s i r e d  l eve l  on the  s p e c i m e n ,  and  holding u n d e r  

those  conditions f o r  10 minutes .  

and the  c e r m e t  cooled to  r o o m  t e m p e r a t u r e  a t  a cool ing r a t e  of 

T h e  d i e  cav i ty  

-4 

T h e  p r e s s u r e  w a s  then  r e m o v e d  

2 2  
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Figure 16. HOT PRESSING DIE LOADING APPARATUS 
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Load Large P a r t i c l e s  

a )  Vibra te  t o  minimum 

b )  Lock screen-ended 
thimble i n  p l a c e  
wi th  thumbs crews 3. 

Add Small  P a r t i c l e s  
(23 .6  w t  %) Through 
Screen wi th  V i b r a t i o n  

Remove Screen-Ended 
Thimble; Replace wi th  
Graphi te  Plunger  

I n v e r t  Loading Assembly, 
Remove D i e  from 
Vibra t ion  Cage 

r 1 n 

Remove Dummy S t a i n l e s s  
S t e e l  D i e  P lunger ;  
Replace w i t h  Graphi te  D i e  
Plunger;  Hot P r e s s  

NP 2779 
1 1 U 

Figure 17. FLOW DIAGRAM FOR DIE LOADING PROCEDURE 
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0 a p p r o x i m a t e l y  40 C p e r  minute.  

r e s u l t i n g  c e r m e t  dens i ty  obtained by th i s  hot p r e s s i n g  p r o c e d u r e  is 

shown in F i g u r e  18. (See Appendix A f o r  the t h e o r e t i c a l  d e n s i t y  of 

t h e  c e r m e t s .  ) 

T h e  ef fec t  of p r e s s i n g  p r e s s u r e  on  

. 
T h e  hot p r e s s i n g  p r o c e d u r e  l ed  t o  c a r b o n  con tamina t ion  of the 

c e r m e t  pe l l e t s  n e a r  t h e  pe l le t  s u r f a c e s .  When  o b s e r v e d  in po la r i zed  

l ight ,  pol ished s e c t i o n s  of t h e  c e r m e t  c r o s s - s e c t i o n s  show a s h a r p l y  

def ined s u r f a c e  l a y e r  of opt ical ly  ac t ive  g r a i n s  to  a depth  of 0. 013 

inch  f r o m  the s u r f a c e .  

s u r r o u n d i n g  the  l a r g e  p a r t i c l e s  as a func t ion  of r a d i a l  pos i t ion  on  a 

t r a n s v e r s e  c r o s s - s e c t i o n  of the c e r m e t s  ind ica ted  a n  ab rup t  t r a n s  i t ion 

from h a r d  (DPH 1875)  t o  so f t  (DPH 375)  a t  n e a r l y  the  same dep th  f r o m  

the  s u r f a c e .  T h e  uni formi ty  of h a r d n e s s  a c r o s s  t h e  r e m a i n d e r  of the 

c e r m e t  d i a m e t e r  and the  c o r r e s p o n d e n c e  of the  "hard"  s u r f a c e  l a y e r  

w i t h  the opt ical ly  ac t ive  l a y e r  in po la r i zed  l ight w e r e  t aken  as ev idence  

M i c r o h a r d n e s s  p r o b e s  of the  tungs t en  m a t r i x  

tha t  t hese  ind ica to r s  m a r k e d  the l imi t  of c a r b o n  pene t r a t ion  into the  

c e r m e t  pe l le t s .  

g r ind ing  b e f o r e  subsequen t  t e s t ing  of t h e  cermet bodies .  

T h i s  contaminated  s u r f a c e  l a y e r  w a s  r e m o v e d  by 

Af ter  gr inding ,  any  exposed  UO2 w a s  r e m o v e d  f r o m  the  sec t ioned  

surface cells by  d i s so lu t ion  in hot concen t r a t ed  n i t r i c  ac id  fol lowed by 

tho rough  r i n s i n g ,  u l t r a son ic  c leaning  and vacuum dry ing  a t  1 10°C. 

C.  HEAT TREATING 

Hea t  t r e a t m e n t  of the f ab r i ca t ed  c e r m e t s  o r  of the p a r t i c l e s  as 

p rev ious ly  d e s c r i b e d  w a s  conducted in v a c u u m  (approx ima te ly  2 x 10- 

t o r r )  in a tungs t en  r e s i s t a n c e  f u r n a c e  o r  in  t h e  d i l a t o m e t e r  a p p a r a t u s  

tube  d e s c r i b e d  in flowing a r g o n  at  1 a t m o s p h e r e .  Heat ing and  cool ing 

r a t e s  w e r e  l imi t ed  t o  approximate ly  35 C p e r  minute  and  the  hea t  

t r e a t m e n t  t e m p e r a t u r e  W a s  maintained to  within about 25  C .  

6 
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TESTING APPARATUS AND PROCEDURE 

A. APPARATUS 

An induct ively hea ted  tungsten d i f f e ren t i a l  d i l a t o m e t e r  w a s  

u s e d  f o r  both t h e r m a l  expans ion m e a s u r e m e n t s  and t h e r m a l  cycl ing 

of the  c e r m e t  bodies .  

shown s c h e m a t i c a l l y  i n  F i g u r e s  1 9  and 20. 

con t ro l l ed  e i t h e r  by a W / W - 2 5  w / o  R e  c o n t r o l  t he rmocoup le  contac t ing  

t h e  s u s c e p t o r  (not shown) o r  by t h e  au tomat i c  op t i ca l  p y r o m e t e r  as 

shown in F i g u r e  20. T e m p e r a t u r e  w a s  m e a s u r e d  wi th  a c a l i b r a t e d  

op t i ca l  p y r o m e t e r  th rough the blackbody holes  in t h e  tungs t en  s u s c e p t o r  

and c o r r e c t i o n  w a s  m a d e  f o r  the a b s o r b e n c y  of t he  Vycor  c h a m b e r .  

Below 700”C, the  t e m p e r a t u r e  w a s  de t e rmined  wi th  the  the rmocoup le  

based  on ex t r apo la t ion  of the  thermocouple  mi l l ivo l t  output v e r s u s  

s p e c i m e n  t e m p e r a t u r e  obtained a t  high t e m p e r a t u r e  wi th  t h e  op t i ca l  

py r o m e  t e r. 

T h e  d i l a t o m e t e r  and a s s o c i a t e d  equipment  are  

The  t e m p e r a t u r e  w a s  

n 

Both t h e r m a l  expans  ion m e a s u r e m e n t s  and t h e r m a l  cyc l ing  w e r e  

conducted in s l i gh t ly  g r e a t e r  than 1 a t m o s p h e r e  of flowing argon.  

B. T H E R M A L  EXPANSION TESTING 

T h e r m a l  expans  ion m e a s u r e m e n t s  w e r e  m a d e  by c o m p a r i n g  the  

change  in length of t h e  s a m p l e  wi th  that  of a tungs ten  blank. 

m e a s u r e m e n t s  w e r e  m a d e  a t  a ser ies  of t e m p e r a t u r e s  after the  black-  

body cavi ty  containing the spec imen  had been  a t  the  d e s i r e d  t e m p e r a t u r e  

f o r  a suff ic ient  length  of t i m e  that  t h e r e  w a s  no longe r  a de t ec t ab le  d r i f t  

in t he  LVDT read ings  wi th  t ime.  

T h e  

A t e m p e r a t u r e  dependent ca l ib ra t ion  f a c t o r  f o r  t he  d i l a t o m e t e r  

a p p a r a t u s  w a s  d e t e r m i n e d  by running two tungs ten  b lanks .  

of t he  appa ra tus  w a s  r epea ted  a t  f r equen t  i n t e rva l s  du r ing  the  c o u r s e  of 

t h e r m a l  expans ion  and t h e r m a l  c y c l e  tes t ing.  

Ca l ib ra t ion  

2 7  
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Figure 19. Induction Heated Thermal Expansion and Thermal Cycle Testing Dilatometer 
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Figure 20. Schematic of Thermal Expansion and Cycling Apparatus 
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T h e  t h e r m a l  expans ion  of tungs ten  w a s  a s s u m e d  t o  b e  as 
g iven  by Conway; (6)  

8 2  AL - x 100 = 1. 14 x t 3. 68 x 10-4T t 8. 24 x 10- T , 
L25°C 

w h e r e  AL is  the change  in length f r o m  25OC t o  t h e  t e m p e r a t u r e  of i n t e r e s t  

T ( in  OC) and L250c is t h e  length  at 25OC. 

Compar i son  of the  r e s u l t s  obtained wi th  t h e  tungs ten  d i l a t o m e t e r  

w i th  t h o s e  obtained o n  the  c e r m e t  s p e c i m e n s  by  op t i ca l  ( t e l e m i c r o s c o p e )  

de t e rmina t ion  of t h e  t h e r m a l  expans  ion'' 5, ind ica tes  a n  a c c u r a c y  

g r e a t e r  than  f 0. 02% AL/L.  

Typica l  t h e r m a l  expans ion  r e s u l t s  are shown in F i g u r e  2 1 ,  

which shows the  d a t a  points  t aken  both on hea t ing  and cool ing of the  

a s - f ab r i ca t ed  s p e c i m e n  #210. 

obtained by l e a s t - s q u a r e s  f i t  t o  a b inomia l  expans ion  equat ion  through 

the point r e p r e s e n t i n g  z e r o  expans ion  at 25OC; i. e . ,  

T h e  c u r v e  d r a w n  th rough  t h e  d a t a  w a s  

70 AL 2 
= A(T-25OC) t B(T-25OC) , L 

w h e r e  A and B are the  cons t an t s  d e t e r m i n e d  f r o m  the  d a t a  and T is  

t he  t e m p e r a t u r e  in C. 0 

C. THERMAL CYCLING T E S T  CONDITIONS 

( 3 )  

T h e r m a l  c y c l e  t e s t ing  w a s  conducted  in  the  same tungs ten  

d i l a tome te r  as used  f o r  t h e r m a l  expans  ion m e a s u r e m e n t ;  t h e  s p e c i -  
m e n  length w a s  cont inuously mon i to red  d u r i n g  t h e r m a l  cyc l ing  by 

c o m p a r i s o n  with the  tungs t en  blank us ing  the  L V D T ' s .  

25 w / o  R e  thermocouple  w a s  u s e d  in conjunct ion wi th  a c losed - loop  

p r o g r a m m e r - c o n t r o l l e r  t o  o p e r a t e  the  induction h e a t e r  power  supply 

du r ing  t h e r m a l  cycling. 

T h e  W / W  - 

30 
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T h e  t h e r m a l  cyc le  used  f o r  t e s t i n g  the  c e r m e t  d i m e n s i o n a l  

and s t r u c t u r a l  s t ab i l i t y  cons is ted  of heat ing f r o m  150 t o  16OO0C a t  

a cons tan t  heating rate (34. 5 C / m i n u t e )  in  42 minu tes ,  hold a t  16OO0C 

f o r  30 minu tes ,  cool ing as r ap id ly  as poss ib l e  t o  15OoC (approx ima te ly  

13  m i n u t e s )  and holding at 150 C t o  a t o t a l  cyc le  t i m e  of 90 minu tes .  

T h e  t h e r m a l  cyc le  t e s t ing  t i m e - t e m p e r a t u r e  prof i le  i s  shown in  

F i g u r e  22  with a p rev ious ly  used  t e s t i n g  cyc le  be tween 150 and 16OO0C 

fo r  compar i son .  

0 

0 

T h e  choice of t h e r m a l  cyc le  t e s t i n g  condi t ions i s  a n e c e s s a r y  

c o m p r o m i s e  between the  d e s i r e  t o  s i m u l a t e  an t ic ipa ted  i r r a d i a t i o n  

e x p e r i m e n t  o r  r e a c t o r  ope ra t iona l  condi t ions wi th  s o m e  unde te rmined  

addi t ional  s e v e r i t y  f a c t o r ,  t es t ing  a p p a r a t u s  l imi t a t ions  and t e s t ing  l ife 

l imi ta t ions .  

allow approximate ly  two h o u r s  f o r  hea tup  f r o m  r e a c t o r  ambien t  (600 C )  

to the  opera t ing  t e m p e r a t u r e  ( approx ima te ly  8. 5 C /minu te ) .  T h u s ,  t h e  

heat ing r a t e  incorpora ted  in t h e  t e s t i n g  c y c l e  is  approx ima te ly  f o u r  

t imes  tha t  ant ic ipated f o r  i r r ad ia t ion  tes t ing  of cermet f u e l s  and,  

in addi t ion,  it c o v e r s  a 45OoC b r o a d e r  t e m p e r a t u r e  range.  

t i m e  at the m a x i m u m  t e m p e r a t u r e  i s  bel ieved(8)  to  be  impor t an t  in 

l imi t ing  damage  t o  tungs t en -U02  c e r m e t  s t r u c t u r e s .  

only 5 minutes  w e r e  obse rved  t o  r e s u l t  i n  m o r e  d a m a g e  t o  the  m i c r o -  

s t r u c t u r e  than hold t i m e s  of 60 minu tes .  T h u s ,  a compromise  of 30 

minu tes  at t h e  m a x i m u m  t e m p e r a t u r e  w a s  used  f o r  t he  t h e r m a l  c y c l e  

t e s t ing  conditions.  It should be pointed out  t ha t  r e a c t o r  e x p e r i m e n t s  

o r  ope ra t ion  would undoubtedly l ead  t o  a v e r a g e  hold t i m e s  c o n s i d e r a b l y  

in e x c e s s  of 30 minu tes  (e. g. , -300 h o u r s  f o r  a v e r a g e  i r r a d i a t i o n  

e x p e r i m e n t s )  which  impl i e s  tha t  the t e s t ing  cyc le  aga in  i m p o s e s  a 

c e r t a i n  d e g r e e  of addi t ional  s e v e r i t y  with r e g a r d  t o  the  hold t i m e  a t  

t e m p e r a t u r e .  

r e a c t o r  s c r a m  o r  wi thd rawa l  of a n  i r r a d i a t i o n  a s s e m b l y  m a y  s o m e -  

what  exceed  the  m a x i m u m  poss ib l e  cool ing r a t e s  ach ievab le  wi th  the  

The  expec ted  heat ing condi t ions f o r  i r r a d i a t i o n  e x p e r i m e n t s  
0 

0 

T h e  hold- 

Hold t i m e s  of 

Cooling rates t o  be  expec ted  in t h e r m i o n i c  d e v i c e s  on  
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t h e r m a l  cycling device  due t o  the addi t ional  e n e r g y  t r a n s f e r  f r o m  

e l e c t r o n  cooling and the  g r e a t e r  t h e r m a l  i n e r t i a  of the  t e s t ing  

appa ra tus .  

p rev ious ly  used f o r  t h e r m a l  cyc le  t e s t ing  of c e r m e t s .  

The  cool ing r a t e  achieved is at least as s e v e r e  as any  

3 4  



EXPERIMENTAL RESULTS 

A. STRUCTURE O F  AS-FABRICATED C E R M E T S  

T h e  uni formi ty  of the  d is t r ibu t ion  of small and l a r g e  p a r t i c l e s  

in the  c e r m e t s  is i l l u s t r a t ed  in the c r o s s - s e c t i o n s  of a high dens i ty  

( approx ima te ly  95 p e r c e n t )  as hot p r e s s e d  s p e c i m e n  shown in F i g u r e  23. 

Two types of c e r m e t  s t r u c t u r e s  w e r e  t h e r m a l  expans ion  and 

t h e r m a l  cyc le  t e s t e d ;  i. e . ,  nominally 90 and 95 p e r c e n t  of t h e o r e t i c a l  

densi ty .  

r i c a t e d  are shown in F i g u r e s  2 4 ,  25, 26,  and 2 7 .  

T h e  m i c r o s t r u c t u r e s  of t h e s e  two types  of c e r m e t s  as fab-  

. .  Esseni icr i iy  aii ul' Liie iilterpartlcle poi-os  it^ ~ V Z S  e ! i r r ; ; ~ ~ t ~ c !  I:: 

t he  95 p e r c e n t  d e n s i t y  s p e c i m e n s  as shown in F i g u r e s  24  and 25. 

void w a s  r e t a i n e d  ins ide  t h e  tungs ten  s h e l l  of the  l a r g e  p a r t i c l e s  both 

in  t h e  f o r m  of a s l igh t  p a r t i c l e - m a t r i x  g a p  and m o r e  o r  less un i fo rmly  

d i s t r ibu ted  p o r o s i t y  throughout  the fuel .  

d o  e x i s t  i n  t h e  l a r g e  U02 par t i c l e s  a p p e a r  t o  be  e s s e n t i a l l y  cont inuous 

ne tworks  of po ros i ty ,  o r  even  a gap. Mos t  of t he  s m a l l  p a r t i c l e s  have  

been e s s e n t i a l l y  comple te ly  densif ied,  wi th  a n  o c c a s i o n a l  l a r g e  p o r e  

r e t a ined  in the  fuel.  

m a t r i x  in the  s m a l l  pa r t i c l e s .  

S o m e  

T h e  few g r a i n  boundar i e s  t ha t  

T h e r e  is some  b r e a k u p  of the  cont inuous tungs ten  

S o m e  i n t e r p a r t i c l e  poros i ty  w a s  no t  e l imina ted  in  the  c a s e  of the  

T h e  low dens i ty  (90 p e r c e n t )  spec imens  as shown in F i g u r e s  26 and 27. 

l a r g e  p a r t i c l e s  show cons ide rab le  connec ted  po ros i ty  r e t a ined  in the  

U 0 2  and a s l igh t  p a r t i c l e - m a t r i x  gap  ( F i g u r e s  26 through 29) .  

a p p e a r s  as f a i r l y  l a r g e  (>20 m i c r o m e t e r  d i a m e t e r )  d e n s e  g r a i n s  in 

t h e  l a r g e  p a r t i c l e s .  

on t h e  tungs ten  g r a i n  boundar ies  and, a l so ,  on the  U 0 2  g r a i n  boundar ies  

( F i g u r e s  28 and 29) .  The  s m a l l  p a r t i c l e s  aga in  a p p e a r  t o  e i t h e r  conta in  

a s ing le  po re  o r  no poros i ty .  

T h e  U 0 2  

T h e r e  are a f e w  <1 m i c r o m e t e r  d i a m e t e r  bubbles  

3 5  



Figure 23. Longitudinal Cross-section of as Hot-Pressed High Density (95%) Cermet- 
Note Uniformity of Particle Distribution 

36  



Figure 24. As Hot-Pressed High Density 
(95%) Cermet (No. 205) 

Figure 25. As Hot-Pressed High Density 
(95%) Cermet (No. 205) 
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Figure 26. As Hot-Pressed Low (90%) 
Density Cermet (No. 216) i 
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Figure 27. As Hot-Pressed Low (90%) 

Density Cermet (No. 216) 

14- 

I 

. 

38 



Figure 29. 

Figure 28. Fracture Surface of Low 
Density (90%) Hot-Pressed Cermet- 
Note Open Porosity and Grain 
Boundary Bubbles in Large UOp 
Particles 

Fracture Surface of Low (90%) 
Density Hot-Pressed Cermet- 
Note Grain Boundary Bubbles in 
Tungsten 
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B. SUMMARY O F  EXPERIMENTAL TESTS AND S P E C I M E N  HISTORY 

T h e  s p e c i m e n s  f ab r i ca t ed  and the e x p e r i m e n t a l  tests conducted 

are s u m m a r i z e d  in T a b l e  2. 

is r e a d  f r o m  lef t  t o  r igh t  in the  tab le .  

T h e  ch rono log ica l  h i s t o r y  of a s p e c i m e n  

C. THERMAL EXPANSION BEHAVIOR O F  C E R M E T S  

T h e  c e r m e t  t h e r m a l  expans ion  behavior  is  s u m m a r i z e d  in 

T a b l e  3 which g ives  the  r e s u l t s  of l e a s t - s q u a r e s  a n a l y s i s  of the  

expans ion  data  f o r  e a c h  s p e c i m e n  and l i s t s  the  expans ion  eva lua ted  

f r o m  the l ea s t -  s q u a r e s  ana lyses  a t  1 60OoC. 

T h e  t h e r m a l  expans ion  of t h e  a s - f a b r i c a t e d  95 p e r c e n t  d e n s e  

s p e c i m e n s  is shown in F i g u r e  30 w h e r e  it is c o m p a r e d  wi th  the  expan-  

s ion  of tungsten,  (6 )  U 0 2 ,  (5) and p rev ious ly  s tud ied  convent iona l  

tungs ten-60  volume pe rcen t  U 0 2  c e r m e t s .  

in this  group showing the l a r g e s t  expans ion  (#212) and t h e  lowes t  expan-  

s ion  (#210) in t he  a s - f ab r i ca t ed  condi t ion are shown as w e l l  as the  m e a n  

expansion of t h e  g roup  which  is given by t h e  re la t ionhip :  

T h e  expans ion  of the  c e r m e t s  

w h e r e  the  to l e rance  l i m i t s  a r e  f o r  the  90 p e r c e n t  conf idence  i n t e r v a l  

f o r  the mean ( i .  e. 

a s - f ab r i ca t ed  95 p e r c e n t  d e n s e  c e r m e t s  c a n  be s a i d  to  f a l l  within t h e  

r ange  of the t o l e r a n c e  l imi t s  wi th  90 p e r c e n t  confidence) .  

t he  m e a n  value of t he  t h e r m a l  expans ion  of the 

Note tha t  a cons ide rab le  d e c r e a s e  in the  t h e r m a l  expans ion  of 

the c e r m e t s  c o m p a r e d  to  prev ious  c e r m e t s  of approx ima te ly  the  same 

composi t ion  w a s  achieved.  

T h e  e f f ec t  of hea t  t r e a t m e n t  f o r  2 4  h o u r s  at 18OO0C on the  

t h e r m a l  expansion of the  95 p e r c e n t  d e n s e  c e r m e t s  w a s  s tud ied  o n  

40 
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t h r e e  s p e c i m e n s  (#209, #211, and  #212).  T h e  m e a n  expans ion  of 

t hese  hea t  t r e a t e d  s p e c i m e n s  is g iven  by  t h e  fol lowing re la t ionship :  

% aL 
= (4. 169 k 0 .  158) x 10-4(T-25)  + (1. 378 f 0. 538) x 10-7 (T-25)2 ,  ( 5 )  

w h e r e  the l imi t s  e x p r e s s  the 90 p e r c e n t  conf idence  i n t e r v a l  f o r  t he  

m e a n  expans ion  as obtained f r o m  the  l e a s t - s q u a r e s  f i t s  of the  e x p e r i -  

m e n t a l  data .  T h e  m e a n  value and the  90 p e r c e n t  conf idence  i n t e r v a l  

are shown in F i g u r e  31 wi th  the same conf idence  in t e rva l  f o r  the  as- 

f ab r i ca t ed  s p e c i m e n s  f o r  c o m p a r i s o n .  

T h e  t h e r m a l  expans ion  of 95 p e r c e n t  d e n s e  s p e c i m e n s  (#208 

and  #210) hea t  t r e a t e d  at 1700°C and a t  19OO0C a l s o  fe l l  comple t e ly  

wi th in  the 90 p e r c e n t  confidence i n t e r v a l  f o r  t h o s e  s p e c i m e n s  hea t  

t r e a t e d  a t  180OoC shown in F i g u r e  31. 

D e c r e a s i n g  the  dens i ty  of t h e  cermets  t o  90 p e r c e n t  of t h e o r e t i c a l  

had l i t t l e  effect  on the i r  t h e r m a l  expans  ion i n  t h e  a s - f a b r i c a t e d  condition. 

T h e  m e a n  expans ion  of t h e  90 p e r c e n t  d e n s e  a s - f a b r i c a t e d  cermets is 

g iven  by the  re la t ionship :  

- 7 0 6  = (4. 227 * 0. 301) x 10-4 (T-25)  t (1. 313  i 0 .282)  x 10-7 (T-25)2 ,  ( 6 )  
L 

w h e r e  the limits a r e  as before .  

by th i s  r e l a t ionsh ip  (equat ion  6)  is  shown s u p e r i m p o s e d  on that  of 

t he  95 pe rcen t  d e n s e  a s - f a b r i c a t e d  c e r m e t s  in F i g u r e  32. 

c l o s e  proximi ty  of the m e a n s  and  the a l m o s t  c o m p l e t e  o v e r l a p  of the  

unce r t a in ty  bands.  

T h e  t h e r m a l  expans ion  band d e s c r i b e d  

Note the  

0 Hea t  t r e a t m e n t  of the  90 p e r c e n t  d e n s e  c e r m e t s  a t  1800 C 
0 and 2000 C for  24  h o u r s  a l s o  f a i l ed  to  s ign i f i can t ly  a l t e r  t h e  t h e r m a l  

expans ion  as shown i n  F i g u r e  33. 
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D. 

T h e  r andom na tu re  of t he  e f f ec t s  of c e r m e t  dens i ty  (90 t o  95 

p e r c e n t )  and hea t  t r e a t m e n t  (24 h o u r s  at 1700 to  20OO0C) on  the  

t h e r m a l  expansion of the c e r m e t s  i s  f u r t h e r  i l l u s t r a t ed  in F i g u r e  34  

which  shows d i a g r a m m a t i c a l l y  the  e f fec ts  of t h e s e  va r i a t ions  on  the  

c e r m e t  expans ion  a t  16OO0C as d e t e r m i n e d  f r o m  the  l e a s t  s q u a r e s  f i t s  

of the  e x p e r i m e n t a l  data .  

e f f ec t s  c a n  be d e t e r m i n e d ,  le t  a lone a quant i ta t ive  a s s e s s m e n t  of t h e i r  

e f fec ts  . 

Note t h a t  no clear t r e n d  of e i t h e r  of t h e s e  

T h u s ,  f r o m  the  e x p e r i m e n t a l  r e s u l t s ,  it a p p e a r s  t ha t  t h e  

t h e r m a l  expansion of the  c e r m e t s  i s  s t a t i s t i c a l  in na tu re - - i .  e. , i t  

does  not have a s e t  value as might  be expec ted  f o r  a w e l l  annea led ,  

pu re  m e t a l  but r a t h e r ,  f o r  a g iven  s e t  of s p e c i m e n s ,  a r a n g e  of va lues  

wi l l  be  obtained. 

va r i a t ions  in the s t a r t i n g  m a t e r i a l  and the  f ab r i ca t ion  p r o c e d u r e .  

Improved  con t ro l  of p r o c e s s i n g  p a r a m e t e r s  might  lead  to  improved  

reproducib i l i ty  of the  t h e r m a l  expans ion  of the c e r m e t s .  Hea t  t r e a t -  

m e n t  f o r  24 hours  at 1 7 0 0 b  20OO0C is not suf f ic ien t  to  e l i m i n a t e  th i s  

innate  var iab i l i ty  in  the  t h e r m a l  expans ion  of the  c e r m e t s  and ,  in f ac t ,  

it i s  expec ted  tha t  many  s p e c i m e n s  would b e  r e q u i r e d  to  d e t e r m i n e  the  

d i r ec t ion  and the magni tude  of any changes  in  expans ion  due  t o  the heat  

t r e a t m e n t .  

a fu l l  a p p r a i s a l  of the  s p e c t r u m  of var iab i l i ty .  

T h i s  r a n g e  of va lues  i s  undoubtedly the  r e s u l t  of 

The  l imi ted  number  of s p e c i m e n s  produced  does  not a l low 

C E R M E T  DIMENSIONAL CHANGES DURING HEAT T R E A T M E N T  AND 
T H E R M A L  EXPANSION MEASUREMENTS 

T h e  t h e r m a l  expans ion  m e a s u r e m e n t s  (i .  e. , holding at va r ious  

t e m p e r a t u r e s  up  t o  180OOC) and hea t  t r e a t m e n t s  f o r  24 h o u r s  at 1700 t o  

2000 C produced s o m e  p e r m a n e n t  d i m e n s i o n a l  changes  in the  c e r m e t s .  

T h e s e  d imens iona l  changes  are  s u m m a r i z e d  in T a b l e  4. 

pointed out that  the  p e r m a n e n t  changes  in d i m e n s i o n s  w e r e  d e t e r m i n e d  

by m e a s u r e m e n t  of t he  s p e c i m e n s  wi th  a f r e q u e n t l y - c a l i b r a t e d  m i c r o m e t e r .  

0 

It should be  

48 



lm10 

0 
0 
0 
0 to 

m 
c 
0 

F 
CI 

.- 
E 1-0° 
X 
w 
c, c a 

n. f 

0 208 

0 211 n 

/ 

/=- 

0 = 95% Dense 

0 = 90% Dense 

I I I NP 280 0.90 1 

1 

As 1700 1800 1900 2000 
Fabricated 

Heat Treatment Temperature (OC) 

FIUGRE 34. EFFECT OF HEAT TREATMENT FOR 24 HOURS 
ON CERMET THERMAL EXPANSION AT 1600OC 

49 



Expansion Test As- Fabricated Heat Treatment 

Dimension ChangedTest I 

Expansion Test Post 
Heat-Treatment 

i 

(mils/inch) 

0.2 

0.25" 
0.25 

(0.23)' 
- 

(mils/inch) 
.I 

3 
4 

0.5* 
0.6 

(0.65)' 
- 

0.0" 
- 0.0 
(0.01' 

0.4 
( 1900OC) 

0.4" 
0.4 

- 
(0.4)' 

0.0 - 
(0.01' 

1.2 
(180O0C) 

0.0 

(2oOo0C) 

Table 4. PERMANENT DIMENSIONAL CHANGES OF CERMETS AS A RESULT OF 
THERMAL EXPANSION 

AL - 
1 

(milshnch) 
S ;;en 1 T i t ;  o.2L 

0.7 

fiumber Number (mils/inch) (rnils/inch) 

0.35* 

0.35" 

1 .o 

- 
( 1 .O)+ 

-0.2 0.7 
-0.2 
(0.25)' 
- 

1.2 
- 
(1.21' 

-1.1 
(1700°C) 

0.55" 
0.55* 
0.55" 
0.55 

(0.55)' 
- 

2.6 
( 18OO0C) 

2.0 0.1" 
0.1 
0.2" 
0.2* 
0.2" 

(0.16)' 
- 

0.6" 
0.6 
0.55" 
0.55" 
0.55 

(0.57)' 
- 

0.2 0.4" 
0.4 

(0.4) 
- 

0.35" 
0.35 

(0.35)' 
- 

0.35" 
0.35 
2.2 

(0.95)' 
- 

-0.2 0.1" 
0.1 
0.6 

(0.27)' 
- 

0.9 
(1800OC) 

0.0 
0.5 

0.0 -0.8 
0.0 
0.35 

(-0.15)' 
- 

0.0 
0.0 
0.0 - 
(0.0)' 

- 
(0.25)' I 

0.0 0.0 
0.35 
0.35 
0.35 

(0.26)' 
- 

0.0 
0.0 
0.0 
0.0 - 

(O.O)+ + (0.2 5)' 
0.0 0.0 0.0 - 

(0.0)' (0.01' 

** Measured at longitudinal midplane. 
+ 

No measurement made; value estimated by averaging over con-utive t e t ( s )  with asterisks to first unastarirkad value. 

Average dimensional change per thermal expansion run (mils/inch). 
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T h e  e s t i m a t e d  a c c u r a c y  of s u c h  m e a s u r e m e n t s  are approx ima te ly  

- t 0. 2 m i l s  p e r  inch f o r  length changes and  - t 0. 4 m i l s  p e r  inch f o r  

d i a m e t e r  changes  (see Appendix B). 

the  t h e r m a l  expans ion  r u n s  w e r e  s o m e t i m e s  de tec tab le  as a s l igh t  

h y s t e r e s i s  between t h e  t h e r m a l  expansion d a t a  o n  heat ing and cooling. 

T h e  d i m e n s i o n a l  changes d u r i n g  

(15)  

T h e  magnitude of the  d imens iona l  changes  du r ing  a t h e r m a l  

expans ion  r u n  (e. g. , a few ten ths  of a m i l  p e r  inch  p e r  run )  a r e  not 

indicat ive of a d imens iona l ly  s,table s t r u c t u r e  s i n c e  t h e s e  changes ,  if 

they p e r s i s t ,  would amount  to  tens  of m i l s  p e r  inch in  the  c o u r s e  of 

a hundred  s u c h  t h e r m a l  t r e a t m e n t s .  Note tha t  d i m e n s i o n a l  changes  

p e r  hea t -up  cyc le  a r e  of the  s a m e  o r d e r  of magni tude  as o c c u r r e d  

a f t e r  hea t  t r e a t m e n t  as w e l l  as before  for m o s t  of the  c e r m e t s .  T h e  

d i m e n s  ionai  changes  produced. dur ing  a loiig-teriii heat t ~ e z t ~ ~ e z t  

[i. e . ,  24 hour s  a t  180OOC ( spec imens  #209, #211, and  # 2 1 2 ) ] w e r e  not 

r e p r o d u c i b l e  on the  s a m e  type  of c e r m e t .  

p e r m a n e n t  d i m e n s i o n a l  changes  p e r  hea t -up  cyc le  are approx ima te ly  

the  same as o b s e r v e d  d u r i n g  t h e r m a l  cyc le  tes t ing.  

It w i l l  be  s e e n  that  t h e s e  

T h e  only indicat ion of a m i c r o s t r u c t u r a l  change  in t h e  c e r m e t s ,  

a f t e r  t h e r m a l  expans ion  t e s t ing  w a s  a poss ib l e  growth  o r  c o a r s e n i n g  

of the  g r a i n  boundary  bubbles  o r  p o r e s  in  the  UO2 phase  in the  l a r g e  

p a r t i c l e s ,  as shown in F i g u r e s  35 and 3 6 ,  c o m p a r e d  wi th  F i g u r e s  24 

and 25. 

Scanning  e l e c t r o n  m i c r o g r a p h s  of f r a c t u r e  s u r f a c e s  of the t h e r m a l  

expans ion  t e s t ed  s p e c i m e n s  showed no r ead i ly  o b s e r v a b l e  change  f r o m  

the  s t r u c t u r e  shown in F i g u r e  29, f o r  an  a s - f a b r i c a t e d  low dens i ty  

s p e c i m e n ,  

TI-e  qua l i ta t ive  n a t u r e  of th i s  obse rva t ion  should be emphas ized .  

Heat  t r e a t m e n t  of t he  high dens i ty  c e r m e t s  f o r  24 hours  in  t h e  

r a n g e  of 1700 t o  19OO0C l ead  to  c o a r s e n i n g  of the  bubbles  o r  p o r e s  in  

the  U 0 2  and opening u p  of the  U 0 2  g r a i n  boundar i e s  and of por t ions  of 
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e 

the  p a r t i c l e - m a t r i x  g a p  in  the c a s e  of the l a r g e  p a r t i c l e s  as shown in 

F i g u r e s  37, 38, and 39 (see F i g u r e  24 f o r  a s - f a b r i c a t e d  s t r u c t u r e ) .  

T h e  hea t  t r e a t m e n t s  a l s o  produced cons ide rab le  i n c r e a s e  in  the  n u m b e r  

and s i z e  of the bubbles  in the tungs ten  g r a i n  boundar i e s  as shown in 

F i g u r e s  40 and 41, when compared  wi th  t h e  bubble s t r u c t u r e s  b e f o r e  

hea t  t r e a t m e n t ,  p rev ious ly  shown in F i g u r e  29. 

E. T H E R M A L  CYCLING BEHAVIOK O F  C E R M E T S  

T h e  c e r m e t  t h e r m a l  cycling behavior - - i .  e . ,  t h e  o b s e r v e d  

d i a m e t r a l  and ax ia l  d imens iona l  changes - - i s  s u m m a r i z e d  in F i g u r e s  

42 and 43. T h e  plotted points w e r e  obtained b y  m e a s u r e m e n t  with a 

f requent ly  ca l ib ra t ed  m i c r o m e t e r  and the  a c c u r a c y  of t h e s e  m e a s u r e -  

m e n t s  is as p rev ious iy  d i s c u s s e d  ( append ix  Bj. 

r e c o r d  f o r  t h e  length changes  of the  c e r m e t s  a lways  a g r e e d  wi th in  a 

few t en ths  of a m i l  p e r  inch wi th  the  m i c r o m e t e r  m e a s u r e m e n t s  and 

showed only monotonic  g rowth  of t h e  c e r m e t s  w i th  cycling. 

g rowth  w a s  e s s e n t i a l l y  i so t ropic ;  based  o n  the  growth  at 50 c y c l e s ,  

t h e  g rowth  rate w a s  in the r ange  of 0. 30 t o  0. 39 m i l s  p e r  inch p e r  cyc le  

in  both the  ax ia l  and d i a m e t r a l  d i r ec t ions  f o r  all t h r e e  s p e c i m e n s  tes ted .  

_ .  
'I he continuous 

T h e  

T h e  m e a s u r e d  growth  r a t e s  are n e a r l y  as l a r g e  as any r e p o r t e d  
when a v e r a g e d  o v e r  100 t h e r m a l  c y c l e s  f o r  t ungs t en -U02  ( 7 )  cermets 

and a r e  approx ima te ly  twice the  l a r g e s t  g rowth  r a t e s  obtained by hot 

p r e s s i n g  of high dens i ty  monod i spe r se  tungs ten-coa ted  p a r t i c l e s .  (1 )  

T h e  de tec t ab le  s t r u c t u r a l  changes  in the  95% d e n s e  c e r m e t  #215 

after 50 t h e r m a l  c y c l e s  w e r e  again a s soc ia t ed  wi th  the  s u r f a c e  o r  

g r a i n  boundary  p o r e s  o r  bubbles in  the  tungs ten  and the  l a r g e  UO2 

p a r t i c l e s .  

l ink up  s igni f icant ly ,  wi th  s o m e  boundar ies  e s s e n t i a l l y  comple t e ly  

s e p a r a t e d  as shown in F i g u r e s  44  and 45. 

the  U02 g r a i n  boundar ies  and espec ia l ly  a t  t h e  tungs t en -U02  i n t e r f a c e  

In the  tungs ten ,  t h e  g ra in  boundary  bubbles  have  begun to  

T h e  p o r e s  or  bubbles  on 

5 3  



Figure 38. High (95%) Density Cermet Heat 
Treated at  180OoC for 24 Hours 

Figure 37. High (95%) Density Cermet Heat 
Treated at 170OoC for 24 Hours 
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Figure 40. 
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Figure 39. 

High (95%) Density Cermet Heat 
Treated at 17OO0C for 24 Hours 

High (95%) Density Cermet Heat 
Treated at 1900°C for 24 Hours 



.- r---- 
c 

Figure 41. High (95%) Density Cermet Heat Treated at 
180OoC for 24 Hours 
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Figure 44. High (95%) Density Cermet After 
50 Thermal Cycles (15OoC to 16OO0C)- 
Note Link-up of Bubbles on Tungsten 
Grain Boundaries 

Figure 45. Fracture Surface of High 
Density (95%) Cermet After 50 
Thermal Cycles ( 15OoC to 
1600°C)-Note Link-up of 
Tungsten Grain Boundary 
Bubbles and Large Grain 
Boundary Bubbles in U02 
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are  in a n  advanced s t a g e  of l inking up a f t e r  50 t h e r m a l  cyc le s  as 

shown in F i g u r e s  45 and 46. Note in F i g u r e  44 t h a t  t h e r e  w a s  no 

2 appa ren t  pene t ra t ion  of t h e  tungsten g r a i n  boundar ies  by  the  U O  

as previous ly  o b s e r v e d  in convent ional  c e r m e t  s t r u c t u r e s .  

T h e  s t r u c t u r a l  changes  in t h e  low d e n s i t y  (90 p e r c e n t )  c e r m e t s  

on t h e r m a l  cycling w e r e  s i m i l a r  t o  those  o b s e r v e d  in  the  high dens i ty  

s p e c i m e n s ,  wi th  l i t t l e  de t ec t ab le  d i f fe rence  in t h e  m i c r o s t r u c t u r e s  of 

the  spec imens  hea t  t r e a t e d  at 180OoC and at 20OO0C p r i o r  t o  t h e r m a l  

cycling. The U 0 2  in the  l a r g e  p a r t i c l e s  w a s  s e p a r a t e d  into a few v e r y  

d e n s e  g r a i n s ,  wi th  a l m o s t  comple t e  s e p a r a t i o n  at the  g r a i n  boundar i e s  

as shown in F i g u r e s  47 ,  48, and 49. 

s u r f a c e  w a s  a l s o  v e r y  advanced.  

equivalent  t o  tha t  in the  t h e r m a l - c y c l e d  high dens i ty  s p e c i m e n s .  

L ink-up  of t h e  bubbles  a t  t he  U 0 2  

T h e  s t r u c t u r e  of the  tungs ten  was  

6 0  



Figure 47. Fracture Surface of Low (90%) 
Density Cermet After 50 Thermal 
Cycles - Note Large U02 Grains 
and Link-up of Surface Bubbles 

61 

Figure 46 Fracture Surface of High (95%) 
Density Cermet After 50 Thermal 
Cycles (15OoC to 1600°C)-Note 
Link-up of Surface and Grain 
Boundary Bubbles of U02 Particles 



c 

r 
Figure 49. Low (90%) Density Cermet 

After 50 Thermal Cycles 
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Figure 48. Fracture Surface of Low (90%) 
Density Cermet After 50 Thermal 
Cycles - Note Large U02 Grains 
and Link-up of Surface Bubbles 
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ANALYSIS AND DISCUSSION O F  RESULTS 

A. THERMAL EXPANSION 

One of the goa l s  of t h i s  s tudy  w a s  t o  achieve  a t h e r m a l  expans ion  

of t h e  c e r m e t  body approaching  that  of tungs ten .  T h e  technique c h o s e n  

t o  achieve  that  goa l  w a s  the  mechan ica l  decoupl ing of t h e  fue l  p a r t i c l e s  

f r o m  the  tungs t en  m a t r i x ,  with inco rpora t ion  of suf f ic ien t  void volume 

a t  the  p a r t i c l e - m a t r i x  in t e r f ace  to  a c c o m m o d a t e  t h e  e x c e s s  t h e r m a l  

expans ion  of the  U 0 2  o v e r  tha t  of t he  tungs ten ;  i. e. , t h e  "pea- in-a-pod" 

concept .  T h e  d e g r e e  t o  wh ich  this goa l  w a s  achieved  and the  l imi ta t ions  

t o  f u r t h e r  d e c r e a s e  in the  t h e r m a l  expans ion  w i l l  now be  d e s c r i b e d .  

T h e  t h e r m a l  expans ion  of t h e  c e r m e t  body should b e  w e l l  d e s c r i b e d  

by t h e  r e l a t ionsh ip  g iven  by Lundin(") wh ich  i s  equiva len t (17)  t o  tha t  of 

Kerne r (18 )  f o r  a c o m p o s i t e  body ci d i s p e r s e d  p a r t i c l e s  in a cont inuous 

phase ;  i. e . ,  

w h e r e  K = bulk modu lus ,  V = volume f r a c t i o n ,  G = s h e a r  modulus of 

the  cont inuous phase  ( tungs t en  m a t r i x ) ,  and a = expans ion  coefficient.  

Note tha t  th i s  r e l a t ionsh ip  a s s u m e s  e l a s t i c  i n t e rac t ion  of the  p a r t i c l e s  

and t h e  m a t r i x .  

by  equat ion (7)  f o r  f o u r  c a s e s ,  as shown in  F i g u r e  50. 

c a s e s  c o n s i d e r e d  a re  g iven  below. 

g 

T h e  expec ted  expansion of the c e r m e t s  w a s  ca lcu la ted  

T h r e e  of the  

(1) T h e  ful ly  d e n s e  c e r m e t ;  i. e .  , with  all of t he  
po ros i ty  r emoved  f r o m  both the  tungs ten  and 
the  U02.  

T h e  95 p e r c e n t  dense  c e r m e t ;  i. e. 
of t he  po ros i ty  rernoved f r o m  t h e  tungs t en  
m a t r i x ,  but t he  porosi ty  ( p  U 0 2  = 91% - -  s e e  
Appendix B )  re ta ined  in the  U 0 2  wi th  no f u e l  
p a r t i c l e - m a t r i x  gap. 

(2 ) with  a l l  
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( 3 )  T h e  90 p e r c e n t  d e n s e  c e r m e t ;  i. e . ,  w i th  all of t h e  
po ros i ty  r emoved  f r o m  the  tungs t e n  m a t r i x ,  but 
the  po ros i ty  ( p UO = 82. 6’7’0) r e t a ined  in the  U 0 2  
wi th  no fue l  pa r t i c  ? e - m a t r i x  gap. 

By c o m p a r i s o n  of t h e s e  ca lcu la ted  expans ions  wi th  that  o b s e r v e d  

on the  95 and 90 p e r c e n t  d e n s e  c e r m e t s  ( F i g u r e s  32 and 50)  i t  i s  a p p a r e n t  

tha t  s o m e  decoupling of t he  mechan ica l  fue l  p a r t i c l e - m a t r i x  s y s t e m  w a s  

achieved .  

T a b l e  5. 

T h e  p r o p e r t y  values  used  in  t h e s e  ca l cu la t ions  a r e  l i s ted  in  

T h e  m i c r o s t r u c t u r e s  of t he  c e r m e t s  (e. g . ,  F i g u r e s  25, 27 ,  and 

36 t h rough  4Oj s u g g e s t  t ha t  w h e r e a s  a f u e i  pa r t i c l e - tungs t en  m a t r i x  gap  

w a s  achieved  at l e a s t  t o  s o m e  extent  f o r  t he  l a r g e  p a r t i c l e s ,  t h e r e  w a s  

no s u c h  g a p  achieved f o r  t he  small  pa r t i c l e s .  T h u s ,  if comple t e  decoupl ing 

of t h e  l a r g e  p a r t i c l e s  but no decoupl ing of the  small p a r t i c l e s  w a s  achieved,  

the  expans ion  of the  c e r m e t w o u l d  be  given by equat ion  (7)  by a s s u m i n g  

t h a t  the expans ion  of the  l a r g e  pa r t i c l e s  w a s  as if they  w e r e  a l l  tungsten.  

T o  eva lua te  tha t  c a s e  f o r  the  composi t ion  of t he  cermets in th i s  s tudy ,  

t h e  volume f r a c t i o n  U 0 2  contained in ju s t  the  small p a r t i c l e s  (0. 15)  w a s  

u s e d  in  equat ion  (7)  and i s  a l s o  shown in F i g u r e  50. 

ca l cu la t ed  f o r  a c e r m e t  wi th  comple te ly  coupled s m a l l  p a r t i c l e s  and com- 

ple te ly  decoupled l a r g e  pa r t i c l e s  f a l l s  within the  90 p e r c e n t  confidence 

i n t e r v a l  f o r  t h e  m e a n  expans ion  of the  c e r m e t s  t o  approx ima te ly  1 7OO0C. 

Note t h a t  the  expans ion  

T h e  d i f f e rence  in s lope  of t he  ca l cu la t ed  expans ion  and the  m e a n  

m e a s u r e d  expans ion  of t he  c e r m e t s  c a n  b e  i n t e r p r e t e d  as ev idence  of 

p r o g r e s s i v e  c los ing  of m o r e  and m o r e  of t he  fue l  pa r t i c l e - tungs t en  m a t r i x  

gaps  as h igher  t e m p e r a t u r e s  a r e  achieved.  

T h e  t h e r m a l  expans ion r e su l t s  c l e a r l y  ind ica t e  tha t  s o m e  

m e c h a n i c a l  decoupl ing of t he  p a r t i c l e - m a t r i x  s y s t e m  w a s  achieved.  

F u r t h e r ,  t he  magni tude  of t h e  t h e r m a l  expans  ion d e c r e a s e  achieved  

and the  m i c r o s t r u c t u r e s  of t h e  c e r m e t s  a r e  cons i s t en t  w i th  a mode l  

i n  wh ich  the  l a r g e  p a r t i c l e s  a r e  e s sen t i a l ly  comple t e ly  decoupled and 
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the  small p a r t i c l e s  a r e  not at a l l  decoupled. 

p re t a t ion  of t he  r e s u l t s ,  even  f u r t h e r  d e c r e a s e s  in the  expans ion  of 

the c e r m e t  s t r u c t u r e  could be achieved by s o m e  m e a n s  capab le  of 

achiev ing  a p a r t i c l e - m a t r i x  gap  for  the  small p a r t i c l e s  and by inc reas ing  

the  s i z e  of the  g a p  in the  c a s e  of the  l a r g e  p a r t i c l e s .  

B a s e d  on th i s  i n t e r -  

B. MICROSTRUCTURAL CHANGES 
4 

T h e  only obvious m i c r o s t r u c t u r a l  changes  in  the  c e r m e t s  due  

to hea t  t r e a t m e n t  and t h e r m a l  cycl ing w a s  the  deve lopment  of g r a i n  

boundary bubbles  in  the  tungs ten  and in the  U02.  It i s  poss ib l e  tha t  

t h e s e  hi jhhles c ~ i j b j  he respnnsihle for  a s i g n i f i c a n t  p n r t i n n  nf  t h e  g r o w t h  

of t h e  c e r m e t s .  

of the  d i m e n s i o n a l  changes  t o  be  expec ted  f r o m  t h e s e  m i c r o s t r u c t u r a l  

changes  . 

T h e  following is a n  ana lys i s  of t he  o r d e r  of magni tude  

1. Tung s t e n 

C o n s i d e r  t he  p e r m a n e n t  d imens iona l  changes  tha t  would r e s u l t  

f r o m  the  p rec ip i t a t ion  of g r a i n  boundary bubbles  as o b s e r v e d  in  t h e  

tungs t en  m a t r i x  ( F i g u r e s  29 ,  41,  45, 46,  47, 48 and 49) and the  concen-  

t r a t i o n  of g a s  in  t h e  m a t r i x  tha t  would b e  r e q u i r e d  to  g ive  s u c h  a 

d i s t r ibu t ion  of bubbles .  

.c 

f 

S p e c i m e n  209 ( F i g u r e  41)  in  the  hea t  t r e a t e d  condi t ion (24 hour s  

at 1 8 O O O C )  w a s  c h o s e n  f o r  ana lys i s  t o  obta in  the  o r d e r  of magni tude  of 

t he  d imens iona l  changes  a s soc ia t ed  wi th  the  g r a i n  boundary bubbles  in  

the  tungs ten  and the  r e q u i r e d  gas  concen t r a t ion  t o  g ive  s u c h  a bubble 

d is t r ibu t ion .  

a b a s i s  f o r  t h e  ca lcu la t ions .  

T h i s  s i m p l e  model ,  as shown in F i g u r e  51,  w a s  used  as 
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Figure 51. Model for Calculation of Grain Boundary Bubble Swelling and 
Gas Concentration in Tungsten Matrix 
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T h i s  mode l  a s s u m e s  tha t  the tungs ten  shell on the l a r g e  UO2 

p a r t i c l e s  i s  s p h e r i c a l ,  of r a d i u s  rs  ( r s  

s h e l l  i s  only one g r a i n  th ick  ( th ickness  t = 22. 0 p):g, and t h a t  t he  

tungs ten  g r a i n s  a re  hexagonal  in  c r o s s  sec t ion ,  w i th  edge  lengths 1, 
(f?, = 15 p m ,  e s t i m a t e d  f r o m  the  scanning e l e c t r o n  m i c r o g r a p h s ) .  

s u c h  a model ,  t he  to ta l  r a d i a l  g r a i n  boundary a r e a ;  i. e . ,  the  g r a i n  

boundary area that  could cont r ibu te  to d imens iona l  changes  due to g a s  

t r a p p e d  du r ing  the  depos i t ion  of the r e f r a c t o r y  metal s h e l l s  i s  given by: 

118 pmm):: t h a t  the  tungs ten  

F o r  

G r a i n  Boundary  A r e a  p e r  S p h e r e  = 8 T r i  t@3 eg) (8)  

(Note tha t  two g r a i n s  s h a r e  a c o m m o n  boundary)  

F r o m  the  pho tomic rographs ,  t h e r e  i s  obviously a d i s t r ibu t ion  

of bubble s i z e s ,  and t h e  to t a l  vo lumetr ic  change  d u e  to  the  bubbles  is :  

n m  3 
AV = r iz0  (. 6 Nidi ' )  = Ciz0  ( N i d i ) ,  

w h e r e  the  i ' s  r e f e r  t o  a given s i ze  of bubble. 

bubble s i z e s ,  t he  volume m e a n  diameter::", dv,  is  g iven  by: 

F o r  a d i s t r ibu t ion  of 
- 

TT - 3  
6 t h u s ,  AV = -  d v  (CNi).  

(9)  

:: Calcula ted  a s s u m i n g  a uni form 16% reduct ion  in  volume due  to 

p r e s s i n g  250Llm d i a m e t e r  pa r t i c l e s  f r o m  80% t o  95% dens i ty  and 

54 volume p e r c e n t  U 0 2  in the f ina l  pa r t i c l e .  

:::::: T h e  volume m e a n  d i a m e t e r  is tha t  value of d i a m e t e r  which  then  

cubed and mul t ip l ied  by the  appropr i a t e  g e o m e t r i c  cons tan t  (n/ 6 )  

g ives  the  m e a n  volume of a bubble in the  d is t r ibu t ion .  
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T h e  to t a l  number  of bubbles ,  CNi, i s  equal  t o  the  m e a s u r a b l e  

bubble concent ra t ion  p e r  uni t  g r a i n  boundary  area t i m e s  the  g r a i n  

boundary  a r e a ;  i. e . ,  

CNi = N g  b u b b l e s / c m 2  x 8nr:  t@3kg), (12)  

and he nc e, 

-3 ITNB d v  t Av = 
T- J Z r ,  and 

T h e  concent ra t ion  of g a s  a t o m s  r e q u i r e d  t o  g ive  the  o b s e r v e d  

bubble d is t r ibu t ion  c a n  b e  e s t i m a t e d  as fol lows,  

s p h e r i c a l  and no hydros t a t i c  s t resses  e x i s t ,  t h e  p r e s s u r e  in  a g iven  

bubble,  Pi, is given by: 

If the  bubbles  are 

P . = - ,  2Y 
L r i  

w h e r e  y i s  the s u r f a c e  e n e r g y  of t h e  m a t r i x  metal. 

If the  g a s  i s  idea l ,  then  the  n u m b e r  of m o l e s  of gas  in a given 

bubble,  at  the hea t  t r e a t m e n t  t e m p e r a t u r e  T (OK) i s :  

7 0 
w h e r e  R i s  the gas  cons t an t ,  (8. 31 x 10 e r g /  K mole ) .  

As above, t he  to ta l  n u m b e r  of m o l e s  of g a s ,  n T ,  i s  then  g iven  

by: 
m 

2 n y C i Z 0  (Nidf ) 

3 R T  
nT = 

7 0  



- 
T h e  s u r f a c e  area m e a n  diameter::, d s ,  i s  def ined by the  

r e l a t ions  hip: r 

2 and s i n c e  ZNi = NB b u b b l e s / c m  

g r a i n  boundary  area, t h e  t o t a l  number  of moles  of gas  in bubbles  on  a 

s p h e r e  i s  nT, w h e r e  

of g r a i n  boundary  area t i m e s  the  to t a l  

1 6 ~ ~  2 Y d s N B r s  - 2  2 t  

T h e  concent ra t ion  of gas  [ G ] is  r ead i ly  obtained f r o m :  

w h e r e  M i s  the  m o l e c u l a r  weight of the  m a t r i x  m e t a l  and p i s  i t s  densi ty .  

T h e  pho tomic rographs  of S p e c i m e n  209 w e r e  ana lyzed  to  

d e t e r m i n e  the  d i s t r ibu t ion  of bubble s i z e s ;  only bubbles  on  g r a i n  s u r f a c e s  

w e r e  ana lyzed ,  not t h o s e  a t  c o r n e r s  o r  on edges.  T h e  r e s u l t s  are  shown 

on  a log-probabi l i ty  plot in  F i g u r e  52. 

T h e  s u r f a c e  m e a n  d i a m e t e r ,  d s ,  and the  volume m e a n  d i a m e t e r ,  - 
w e r e  computed  f r o m  the  obse rved  g e o m e t r i c  m e a n  d i a m e t e r  on a dv’  

::The s u r f a c e  area m e a n  d i a m e t e r  i s  t ha t  value of d i a m e t e r  which  when 

s q u a r e d  and mult ipl ied by  the  a p p r o p r i a t e  g e o m e t r i c  cons t an t  (IT) g ives  

the  m e a n  s u r f a c e  area in  the  d is t r ibu t ion .  
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count ing b a s i s  2 
CY 

(5070 s i z e )  and the  g e o m e t r i c  s t a n d a r d  devia t ion ,  
(24) (84. 1370 s ize /5070 s i z e ) ,  by the r e l a t i o n s  as g iven  by O r r .  

gC 
g 

(22) log ds = log d + 2. 3026 log 2 0 and 
g c  g ’  

(2 3)  2 
g ’ 

log dv = log Ti -J- 3.4539 log rJ 
gC 

T h e  following va lues  w e r e  found to  d e s c r i b e  the bubble 

d i s t r ibu t ion :  

- 
d = 1 . 1 7 y m J  

- 1  
gC 
0 - 1. 69 piii, 
-g 
ds  = 1 . 5 4 p m J  and 
- 
d v  = 1. 77Mm. 

T h e  v o l u m e t r i c  d imens iona l  change  c o r r e s p o n d i n g  to  the 
e s t i m a t e d  bubble  concen t r a t ion  (4. 5 x 10 6 / c m 2  of g r a i n  boundary  

area)as given by equat ion  (14) is: 

Av 
V = 0. 5470, - 

4 

o r  the  l i n e a r  d i m e n s i o n a l  change i s  e s t i m a t e d  t o  be: 

- _ - - - - -  AL - n r  - Av - 0. 18% = 1. 8 m i l s / i n c h .  
L r  3 v  

T h e  n u m b e r  of m o l e s  of g a s  in  the tungs t en  s h e l l  r e q u i r e d  t o  

p r o d u c e  t h e  o b s e r v e d  bubble d i s t r ibu t ion  a s s u m i n g  e q u i l i b r i u m  at 

18OO0C, t h e  hea t  t r e a t m e n t  t e m p e r a t u r e  f o r  s p e c i m e n  209, and 1000 

e r g / c m 2  as t h e  s u r f a c e  e n e r g y  of t u n g s t e n  is (equat ion  20):  

= 3 . 9  x 10- l 2  mole .  “T 

T h e  ca l cu la t ed  concen t r a t ion  of g a s  in t h e  tungs t en  m a t r i x ,  

as g iven  by equat ion  (21) is: 

[ G ]  = 9. 7 x = 9. 7 p p m  ( m o l e  b a s i s ) .  
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If the g a s  giving r i s e  t o  t h e  bubbles is d u e  t o  t h e  ha l ide  

i m p u r i t i e s  and the  weight  r a t i o  of t h e s e  e l e m e n t s  i s  approx ima te ly  

4 C l / l F ,  as indicated by the  c h e m i c a l  a n a l y s i s ,  t he  o b s e r v e d  bubble 

d i s t r ibu t ion  r e q u i r e s  only -0. 6 p p m  F and 2. 6 p p m  C1 on a weight  

b a s i s  if t he  hal ides  are  p r e s e n t  as g a s e s  containing two a t o m s  of 

ha l ide  p e r  molecu le - - e .  g . ,  W F 2  and WCl2 o r  F2 and C12. 

r e q u i r e d  halide impur i ty  content  i s  d i r e c t l y  p ropor t iona l  t o  the  number  

of ha l ide  a toms p e r  g a s  m o l e c u l e - - e .  g. , if W F 6  and w c 1 6 ,  the  impur i ty  

l e v e l  indicated i s  approx ima te ly  1. 8 ppm F and 7. 8 pprn C1. 

T h e  

Cons ide r  t he  p r o c e s s  of c h e m i c a l  vapor  depos i t ion  of tungs ten  

by t h e r m o c h e m i c a l  r educ t ion  of the  hexachlor ide  on po rous  (-70% d e n s e )  

U 0 2  pa r t i c l e s .  P o s s i b l e  depos i t ion  r e a c t i o n s  include:  

C h l o r i n e  Content  p e r  
Mole  of P r o d u c t  G a s  
(Moles  C l / m o l e  product  
g a s )  

WCl6 (g) + 3 H2 (g) = W(S)  + 6HCl (8) 

(4 m o l e s  of g a s )  = (6  m o l e s  of g a s )  

1 

(24)  

2wC16(g )  + 5H2 (g )  = W ( s )  + WC12(g) i- lOHCl(g) 

( 7  m o l e s  of gas)  (11 m o l e s  of g a s )  (2 5 )  

12 /11  = 1. 09 

2Wc16 (8) -t 4HZ(g) = W ( S )  + WC14 (g)  8HCL(g) 1 2 / 9  = 1. 3 3  

( 6  m o l e s  of gas) = ( 9  m o l e s  of g a s )  (2 6)  

Note that  the depos i t ion  r e a c t i o n  in  a l l  c a s e s  r e s u l t s  in m o r e  

g a s e o u s  products  than  r e a c t a n t s  ( approx ima te ly  by 1. 5).  T h u s ,  as a 

c o n s e r v a t i v e  m i n i m u m ,  it c a n  be a s s u m e d  tha t  t h e r e  i s  no change  in 

the  g a s  content ( m o l e s )  of t he  p o r e s  in  f u e l  p a r t i c l e s  d u r i n g  the  depos i t ion  

p r o c e s s .  
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As the  tungs ten  is deposi ted on the  porous  p a r t i c l e s ,  i t  w i l l  

r a p i d l y  deve lop  a n  imperv ious  l aye r  a t  the p a r t i c l e  s u r f a c e  effect ively 

t r app ing  any gas  contained in the porous  U 0 2  p a r t i c l e s .  If t he  p a r t i c l e s  

are s p h e r i c a l  and the  p o r e s  a r e  open (connected to  the  s u r f a c e  as would 

b e  expec ted  f o r  fue l  d e n s i t i e s  l e s s  t han  9570 of t h e o r e t i c a l ) ,  the  

n u m b e r  of m o l e s  of g a s  t r a p p e d  in a porous  p a r t i c l e  nT - - a s s u m i n g  

idea l  g a s  behav io r - - i s :  
P 

4 n  r3(1- p f )  P 
- - 

3 R T  nT P 
I 

6 2 
w h e r e  P is  the  depos i t ion  p r e s s u r e  (-1 a t m o s p h e r e ) ,  o r  1 x 10 d y n e / c m  , 

r is  the  p a r t i c l e  r a d i u s ,  

R i s  t he  gas  cons tan t ,  

T is the  absolu te  deposi t ion t e m p e r a t u r e  (-1200OK f o r  t he  ch lo r ide  
p r o c e s s ,  and  

p i s  the  f r a c t i o n  of t heo re t i ca l  dens i ty  of t h e  f u e l  p a r t i c l e s  (e. g. , 0. 7) f 

If the  porous  p a r t i c l e s  a r e  approx ima te ly  200  p m  in d i a m e t e r ,  

equa t ion  (28 )  gives  a t o t a l  gas content in the  p a r t i c l e  p o r e s  of: 

= 1. 28 x m o l e s .  
"TP 

A - ----: n33ulllLllg the gas te  b e  a!! p r ~ d u c t  gas f r o m  the above l i s ted  

r e a c t i o n s  (equat ions  2 4  through 2 7 ) ,  t he  ch lo r ine  content  of the  fue l  

p a r t i c l e s  due t o  the  t r apped  gas would be in  the  r ange  of 14. 2 to  21. 3 

p p m  by weight  depending on the s t a t e  of r educ t ion  of the  tungs ten  

ch lo r ide .  

i m p u r i t y  leve l .  

Note tha t  th i s  is approximate ly  half t he  o b s e r v e d  ch lo r ine  

T h e  s t r u c t u r e  of the pa r t i c l e s  wi th  r e s p e c t  t o  the  d i s t r ibu t ion  

of the  t r apped  g a s  should be cons ide red  a t  t h r e e  s t a g e s  in the  h i s t o r y  

of the  c e r m e t s :  (a) ini t ia l ly ,  j u s t  a f t e r  coat ing wi th  tungs ten ;  (b)  in 

a n  i n t e r m e d i a t e  s t a g e  a f t e r  densif icat ion by hot p r e s s i n g ;  and ( c )  after 

hea t  t r e a t m e n t  to  a n  end-point  equ i l ib r ium condi t ion when the  g a s  is  

comple t e ly  agg lomera ted .  
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(a) As Coated  

In  t h e  coa ted  condition, t h e  p o r e  o r  bubble s t r u c t u r e  w i l l  

b e  unaffected b y  the  p r e s e n c e  of t h e  g a s ;  t h u s ,  f r o m  m i c r o s t r u c t u r a l  

obse rva t ions  of porous  U 0 2 ,  w e  expec t  t h a t  t h e  p o r e s  w i l l  b e  approx ima te ly  

1 p m  in d i a m e t e r  and the  amount  of g a s  in e a c h  p o r e  i s  g iven  by  t h e  idea l  

gas  law. The  amount  of g a s  in e a c h  1 p m  d i a m e t e r  p o r e  f o r  a depos i t ion  

p r e s s u r e  of 1 a t m o s p h e r e  at 1200°K is  5. 3 x 

and the  to t a l  e s t i m a t e d  number  of 1 pm d i a m e t e r  p o r e s  o r  bubbles  p e r  

p a r t i c l e  i s  2. 4 x 10 6 (1. 28 x m o l e s  p e r  p a r t i c l e  p e r  5. 3 x 10-  18  

m o l e s  p e r  pore) .  

m o l e s  of g a s  p e r  p o r e  

(b) I n t e r m e d i a t e  S tage  

T h e  a s  h o t - p r e s s e d  condi t ion of t h e  f u e l  p a r t i c l e  

m i c r o s t r u c t u r e  c a n  be approximated  by a s s u m i n g  tha t  the n u m b e r  of 

p o r e s  o r  bubbles d o e s  not change d r a s t i c a l l y  du r ing  t h e  s h o r t  hot 

p r e s s i n g  t ime ,  and only t h e i r  s i z e  changes  d u e  t o  the p r e s s u r e  and 

s u r f a c e  energy  f o r c e s  d u r i n g  the h o t - p r e s s  ing p r o c e s s .  

f o r  the  moment  the e x t e r n a l  p r e s s u r e  and cons ide r ing  only the  s u r f a c e  

e n e r g y  r e s t r a i n t ,  the  equ i l ib r ium p r e s s u r e  in the  bubbles ,  P, i s  g iven  

by the re la t ions :  

Neglect ing 

L 

r. 
I v i  

w h e r e  y is the s u r f a c e  e n e r g y  of the  fue l ,  

ri is the  r a d i u s  of an  individual  bubble ,  

vi is the  volume of a bubble ,  and 

ni i s  the  n u m b e r  of m o l e s  of g a s  contained in  the  bubble. 

Combining t e r m s  in equat ion  (29)  g ives  the fol lowing 

r e l a t ionsh ip  f o r  the equ i l ib r ium bubble s i z e  ( a s s u m i n g  no change  in  

the  number  of p o r e s ) :  



which  when eva lua ted  at the  h o t - p r e s s i n g  condi t ions (T i s  NZOOO°K 

and a s s u m i n g  tha t  Yuoz = 1000 e r g / c m 2 )  g ives  a value of t h e  p o r e  

r a d i u s  of r i  x 0 .  1 pm. 

l i m i t s  by s t a n d a r d  me ta l log raph ic  techniques .  

due  to the  p r e s s i n g  p r e s s u r e  only s e r v e  t o  f u r t h e r  r e d u c e  t h e  ca lcu la ted  

s i z e  of the  bubbles  at this  s t age  in  the  deve lopment  of the  cermet 

m i c r o s t r u c t u r e .  

Note that  th i s  s i z e  i s  w e l l  below t h e  de t ec t ion  

T h e  addi t iona l  r e s t r a i n t  

( c )  End-Po in t  Heat  T r e a t e d  Condition 

Hea t  t r e a t m e n t  of the  fue l  s t r u c t u r e  d e s c r i b e d  above-  - i. e. , 
' ' ' '-'-1-- J : - L - * L  e A eh-n.7, n . r t  t h e  f > i o l - - i s  p_y_npctpd minu te  unobse rvau ie  U u u u L c b  U L a L L  iuiiLcu L1ll ,,,h,,, -.A- ---- r -  - -  

t o  r e s u l t  in  agg lomera t ion  of the g a s  th rough  diffusional  p r o c e s s e s ,  

e i t h e r  by a t o m i s t i c  diffusion or  m i g r a t i o n  and co l l i s iona l  c o a l e s c e n c e  of 

t h e  bubbles  as  en t i t i e s .  

boundar i e s  wi th  subsequent  r e l e a s e  of the  t r a p p e d  g a s  by diffusion along 

the  g r a i n  boundar i e s  o r  by two d imens iona l  diffusion of the  bubbles  along 

the  g r a i n  boundar i e s ,  o r  by m o r e  o r  l e s s  comple t e  d e t e r i o r a t i o n  of the  

g r a i n  boundar i e s  by l ink-up of ad jacent  bubbles .  T h u s ,  the  expec ted  

e q u i l i b r i u m  end-point  condition is r e a c h e d  when a l l  of the  g a s  i s  r e l e a s e d  

f r o m  t h e  f u e l  p a r t i c l e s  t o  the  fue l  pa r t i c l e - tungs t en  s h e l l  gap  o r  i n t e r f ace .  

B e c a u s e  of t h e  much  l a r g e r  r ad ius  of c u r v a t u r e  of the  bubble when the  

gas c?r,r ,~~pies the fuel par t ic le - tungs ten  m a t r i x  gap- - i .  e . ,  -200 p m  

d i a m e t e r - - t h e  e x t e r n a l  p r e s s u r e  r e s t r a i n t  f o r c e s  cannot  be neglec ted  

in  d e t e r m i n i n g  the  equ i l ib r ium volume occupied by the  r e l e a s e d  gas .  

T h u s ,  in th i s  c a s e ,  t he  gas  p r e s s u r e  PW in the  tungs ten  s h e l l  when the  

g a s  is comple t e ly  r e l e a s e d  t o  the gap  is g iven  by: 

T h e  bubbles wi l l  become  pinned on g r a i n  

p w =  - 2 y w  t P" 

rW 

w h e r e  yw i s  t he  su r face  e n e r g y  of the  tungs ten  ( a s s u m e d  to  

be  approximate ly  1000 e r g / c m 2  as b e f o r e ) ,  

rw is  the  equi l ibr ium ins ide  r a d i u s  of t he  tungs ten  

s h e l l ,  and 

PH is  the  ex te rna l  p r e s s u r e  ac t ing  o n  the tungs t en  she l l .  
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Again a s s u m i n g  idea l  behavior  of t h e  g a s  and t h a t  t h e  

fuel behaves  as a s p h e r i c a l  "pea- in-a-pod" ,  t h e  fol lowing r e l a t ionsh ip  

i s  obtained: 

w h e r e  rF is  the r ad ius  of the  ful ly  d e n s e  fue l  p a r t i c l e ,  and 

is  t h e  to t a l  n u m b e r  of moles  of g a s  t r a p p e d  in the  tungs ten  

s h e l l  as before .  
nTP 

Note t h a t  t he  r a d i u s  of t he  fu l ly  d e n s e  fue l  pa r t i c l e ,  r F ,  i s  

d e t e r m i n e d  f r o m  t h e  in i t ia l  f u e l  par t ic le  dens i ty ,  pf, and i ts  in i t ia l  

r a d i u s ,  r by the re la t ionship :  
0, 

Subst i tut ing the  p r o p e r  va lues  in  equat ions  32 and 3 3 ,  

a s s u m i n g  a n  ini t ia l  fue l  p a r t i c l e  r a d i u s  of 100 p m  and a n  in i t ia l  f u e l  dens i ty  

of 7070 of theo re t i ca l ,  t he  e q u i l i b r i u m  ins ide  r a d i u s  of t he  tungs t en  s h e l l  

su r round ing  the fue l  p a r t i c l e  when t h e  e x t e r n a l  p r e s s u r e  on  the  s y s t e m  is  

1 a t m o s p h e r e  a t  1900°K (approx ima te ly  the  t h e r m a l  cyc l ing  m a x i m u m  

t e m p e r a t u r e )  i s  rW = 103. 3 b m .  

wi th  all of the gas  in  the  f u e l  p a r t i c l e - m a t r i x  g a p  and wi th  t h e  UO2 

comple t e ly  densif ied,  w e  expec t  a l i n e a r  d i m e n s i o n a l  i n c r e a s e  of 3.  370 
o r  33 m i l s  pe r  inch a t  1900°K. Note tha t  t h i s  i s  cons ide rab ly  (-x2) in  

e x c e s s  of the  d imens iona l  change  o b s e r v e d  a f t e r  50 c y c l e s  t o  1600 c 
(-1900°K). 

t h e  c e r m e t s  dur ing  hea t  t r e a t m e n t  and t h e r m a l  cyc l ing  could be  accounted 

f o r  by the  r ed i s t r ibu t ion  of the  gas  t r a p p e d  in  the  po rous  U 0 2  p a r t i c l e s  

dur ing  the deposi t ion of the  tungs ten  coat ing.  

cont r ibu t ion  to the  d i m e n s i o n a l  ins tab i l i ty  of the  c e r m e t s  as the m i c r o -  

s t r u c t u r e s  indicate ,  only by e l imina t ing  the  inco rpora t ion  of g a s  c a n  the  

d imens iona l  s tab i l i ty  be  improved .  

that  does  not inherent ly  t r a p  g a s  in  the  po rous  f u e l  p a r t i c l e s  as by powder  

T h u s ,  at the  f ina l  end-poin t  conf igura t ion  

0 

It a p p e a r s  t ha t  a l l  of the  d i m e n s i o n a l  changes  o c c u r r i n g  in  

If t h i s  is indeed a l a r g e  

A t echnique  f o r  coa t ing  the  p a r t i c l e s  

78 



m e t a l l u r g y ,  o r  a technique  f o r  making the po ros i ty  unavai lab le  t o  t h e  

g a s  by f o r m i n g  a n  imperv ious  skin o n  t h e  U 0 2  p a r t i c l e s  as by d ropp ing  

t h e m  th rough  a p l a s m a  should thus b e  poss ib l e  r o u t e s  to  improved  

d i m e n s i o n a l  s tab i l i ty  in the c e r m e t  concep t  deve loped  he re .  

. 
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CONCLUSIONS 

Based  on t h e  r e s u l t s  of th i s  s tudy ,  t h e  following conclus ions  

have  been drawn.  

FABRICATION OF C E R M E T S  

Uniform c e r m e t  pe l l e t s  w e r e  f a b r i c a t e d  by loading nominal ly  

200 p m  tungs ten-coa ted  porous  U 0 2  p a r t i c l e s  i n  a g raph i t e  d i e ,  followed 

by  f i l l ing of the i n t e r s t i c e s  be tween t h e  200 pm p a r t i c l e s  wi th  s i m i l a r  

p a r t i c l e s  with a nominal  d i a m e t e r  of 20 pm. 

d e n s i t y  in the  g raph i t e  d i e s  w a s  approx ima te ly  8070. 

compac ted  t o  90 and 9570 of t h e o r e t i c a l  dens i ty  by hot p r e s s i n g  in  the  

g r a p h i t e  d i e s  a t  170OOC wi th  4000 and 6000 ps i  appl ied  p r e s s u r e .  

ful ly  d e n s e  U 0 2  loading of the c e r m e t s  w a s  5 3  volume percent .  

T h e  a s - loaded  packing 

T h e  pe l l e t s  w e r e  

T h e  

THERMAL EXPANSION 

T h e  t h e r m a l  expans ion  behavior  of t h e  c e r m e t s  i s  given by the  

following re la t ions  : 

(a) F o r  the  9570 d e n s e  c e r m e t s :  

(b)  F o r  the  90% d e n s e  c e r m e t s :  

2 
= (4. 227 5 0. 301) x (T-25)  -I- (1. 313 f 0. 282)  x (T-25)  70 AL 

L 

Heat  t r e a t m e n t  of the  c e r m e t s  f o r  24 h o u r s  in the  r a n g e  of 1700 t o  

20OO0C did  not s ignificantly a l t e r  the t h e r m a l  expans ion  behavior  of t h e  

c e r m e t s  based on the  few s p e c i m e n s  t e s t e d .  T h i s  m e a s u r e d  expans ion  

is  s ignif icant ly  below that  f o r  convent iona l  c e r m e t s  m a d e  f r o m  

80 
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s i n g l e - s i z e ,  coa ted  p a r t i c l e s  of approx ima te ly  t h e  same composi t ion  

and below t h a t  ca lcu la ted  f o r  t h i s  s t r u c t u r e  a s s u m i n g  e l a s t i c  i n t e rac t ion  

of t h e  d i s p e r s e d  U 0 2  phase  in  the tungs ten  m a t r i x .  T h e s e  o b s e r v a t i o n s  

ind ica t e  tha t  s o m e  m e c h a n i c a l  decoupl ing of the  U 0 2  and the  tungs ten  

w a s  achieved  through inco rpora t ion  of suff ic ient  void volume t o  

a c c o m m o d a t e  e x c e s s  t h e r m a l  expans ion  of the  U 0 2  o v e r  that  of t he  

tungs ten  m a t r i x .  

T H E R M A L  CYCLING BEHAVIOR 

T h e r m a l  cyc l ing  of the  c e r m e t s  f r o m  150 t o  16OO0C produced  

monotonic  and i so t rop ic  g rowth  in the  c e r m e t s  at a r a t e  of 0. 30 t o  

0. 39 m i l s  p e r  inch  p e r  cyc le .  

twice  as g r e a t  as tha t  o b s e r v e d  on c e r m e t s  of a s i m i l a r  composi t ion  

f o r m e d  of m o n o d i s p e r s e ,  tungs ten-coa ted ,  d e n s e  U 0 2  pa r t i c l e s .  

m i c r o s t r u c t u r e  of t h e  fue l  p a r t i c l e s  and t h e  tungs t en  ind ica te  a n  

agg lomera t ion  of t r a p p e d  impur i ty  g a s e s  in  t h e  po rous  UO2 p a r t i c l e s  

and in t h e  t h e r m o c h e m i c a l l y  depos i ted  tungsten.  

of g rowth  t o  be expec ted  f r o m  the g a s  t r apped  in  t h e  po rous  U 0 2  du r ing  

the  t h e r m o c h e m i c a l  depos i t ion  of the  tungs ten  coa t ing  showed that aii of 

t h e  growth  of t h e  cermets could be  accounted f o r  by the  volume change  

accompanying  the  agg lomera t ion  of the  gas .  

Th i s  m e a s u r e d  g r o w t h  i s  approx ima te ly  

T h e  

Ana lys i s  of  t he  amount  
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APPENDIX A 

THEORETICAL DENSITY OF C E R M E T S  

T h e  o v e r a l l  weight  f r a c t i o n  of t ungs t en  in  the  cermets i s  

t h e  weight  f r a c t i o n  of tungs ten  in t h e  small p a r t i c l e s  t i m e s  t h e i r  weight  

f r a c t i o n s  in  the c e r m e t  blend plus the  weight  f r a c t i o n  of t ungs t en  in the  

l a r g e  p a r t i c l e s  t i m e s  t h e i r  weight  f r a c t i o n  in  t h e  cermet blend-- i .  e. , 

w h e r e  FW is the  o v e r a l l  weight  f r a c t i o n  tungs t en  in  the  c e r m e t  body, 

Fs i s  t he  weight f r a c t i o n  of s m a l l  p a r t i c l e s  in  t h e  cermet, FL i s  the  

weight  f r ac t ion  of l a r g e  p a r t i c l e s  in the  c e r m e t ,  

f r a c t i o n  of tungs ten  in the  s m a l l  p a r t i c l e s ,  and fW 

f r a c t i o n  of tungs ten  in the l a r g e  p a r t i c l e s .  

i s  t h e  weight  fWS 
is  t h e  weight  

L 

T h e  t h e o r e t i c a l  dens i ty  of the  c e r m e t  bodies  i s  ach ieved  when 

both the  tungs ten  and U 0 2  a r e  ful ly  d e n s e  and no po ros i ty  r e m a i n s  in 

t h e  s t r u c t u r e .  Under  t h o s e  condi t ions,  t h e  spec i f i c  volume of t h e  

tungs ten  and U 0 2  are: 

3 
V w  
V 

= spec i f ic  volume of W = 1/19 .  3 = 0. 05181 c m  / g m ,  and 

= spec i f i c  volume of U 0 2  = 1 /10 .  96  = 0. 09124 c m  / g m .  3 
u o 2  

T h e  volume p e r  unit  mass occupied  b y  t h e  tungs t en  o r  t he  U 0 2  

in the  theo re t i ca l ly  d e n s e  c e r m e t  i s  the  weight  f r a c t i o n  of t h e  p a r t i c u l a r  

component  t i m e s  i t s  spec i f ic  volume and,  t h u s ,  t he  spec i f ic  vo lume of 

the c e r m e t ,  V c ,  i s  given by: 

and the  t h e o r e t i c a l  dens i ty  of the  c e r m e t  PTh is  the  r e c i p r o c a l  Of the  

spec i f i c  vo lume-- i .  e . ,  

8 2  
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Subs t i tu t ing  the  weight  f r a c t i o n s  of t ungs t en  f o r  t h e  small 

and l a r g e  p a r t i c l e s  obtained by  c h e m i c a l  a n a l y s i s  (Tab le  1) and t h e  

p r e d e t e r m i n e d  we igh t  f r a c t i o n s  of t h e  two p a r t i c l e s  (23. 6 weight  

p e r c e n t  of t h e  s m a l l ,  76. 4 weight p e r c e n t  of t h e  l a r g e )  and t h e  

s t a t e d  va lues  f o r  t he  spec i f i c  vo lumes  of t h e  tungs t en  and U 0 2  in  

t h e  above r e l a t i o n  g ives  a va lue  of 14. 9174 g m / c m  f o r  t h e  t h e o r e t i c a l  

d e n s i t y  of the c e r m e t s  f ab r i ca t ed  in this  s tudy.  

3 

T h e  volume f r a c t i o n  of fuel in t h e  t h e o r e t i c a l l y  d e n s e  cermet, 

is  g iven  by  t h e  r a t i o  of the vo lume  occupied  b y  t h e  U 0 2  t o  F 

the  t o t a l  vo lume p e r  unit  m a s s - - i .  e. , 
(1-F jv- 

VUOZ’ 

w u o 2  

Wi th  t h e  above mentioned v a l u e s ,  equat ion  (A4) g ives  0. 526 

f o r  t h e  volume f r a c t i o n  of U 0 2  in t h e  f u e l  if i t  i s  t h e o r e t i c a l l y  dense .  

A s s u m i n g  t h a t  all of the p o r o s i t y  i n  a c e r m e t  t h a t  i s  less t h a n  

ful ly  d e n s e  i s  a s s o c i a t e d  w i t h  the U 0 2 - - i .  e . ,  i t s  dens i ty  i s  Y(10. 96) 

and t h e  o v e r a l l  c e r m e t  dens i ty  is x (P ,h) ,  w h e r e  X and Y are the  

f r a c t i o n a l  d e n s i t i e s  of the c e r m e t  and  the U 0 2 ,  r e s p e c t i v e l y - - t h e  

r e l a t i o n  be tween  t h e  c e r m e t  f r a c t i o n a l  d e n s i t y  and the f r a c t i o n a l  dens i ty  

of t h e  U 0 2  i s ,  f r o m  equat ion  (A3), as follows: 

o r  so lv ing  f o r  Y ,  t h e  f r a c t i o n a l  dens i ty  of the po rous  U 0 2  i s ,  

( 1 - F w ) V u o 7  
L 

1 
Y =  

(G -Fwvw) 

T h i s  r e l a t i o n s h i p  i s  shown in F i g u r e  (A1) f o r  t h e  condi t ions  

s t a t e d  above. 
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Another i n t e r p r e t a t i o n  of the  r e l a t i o n s h i p  shown  in F i g u r e  A1 

(equat ion A6) f o r  t he  c a s e  of a f u e l - p a r t i c l e ,  m a t r i x - s h e l l  g a p  i s  tha t  

Y is t h e  f r ac t ion  of the volume in  the tungs t en  s h e l l s  t ha t  is f i l l ed  wi th  

ful ly  dense  U 0 2 .  

r e m o v e d  f r o m  the  i n t e r s t i c e s  be tween the  p a r t i c l e s ,  t he  UO2 would 

b e  91% dense  if the  po ros i ty  w a s  un i fo rmly  d i s t r i b u t e d ,  o r  it would 

occupy only 91% of the  ava i l ab le  volume in the  s u r r o u n d i n g  s p h e r i c a l  

s h e l l  of tungs ten  if t he  U 0 2  w e r e  ful ly  dense .  

T h u s ,  f o r  a 9570 d e n s e  c e r m e t  w i t h  the po ros i ty  
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FIGURE A l .  RELATIONSHIP OF U 0 2  AND CERMET DENSITIES 
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APPENDIX B 

ACCURACY OF PEKMANENT DIMENSIONAL CHANGE 
MEASUREMENTS 

T h e  p e r m a n e n t  d i m e n s i o n a l  changes  p e r  un i t  length,  A ,  w e r e  

ca l cu la t ed  as fo l lows:  

L2 - L1 

L1 
A =  -- 

w h e r e  L1 and L2 are  t h e  m e a s u r e d  va lues  of t he  d i m e n s i o n  of i n t e r e s t  

b e f o r e  ,and a f t e r  the t r e a t m e n t  being c o n s i d e r e d ,  r e spec t ive ly .  S ince  

A is  a funct ion of L1 and L2 only,  d i f f e ren t i a t ing  (1)  w e  have: 

.A=(*) dL1 -t (-&-) dL2 

Cons ide r ing  the  d i f f e ren t i a l s  as the  r a n d o m  e r r o r s ,  t i ,  g ives  

Subst i tut ing the  a p p r o p r i a t e  p a r t i a l  d e r i v a t i v e s  f r o m  equat ion  (1)  
2 and dividing through by h t o  a p lace  o n  a f r a c t i o n a l  b a s i s  g ives :  

and s ince  t~~ = t~~ = e L  (20 .  0001 inch) ,  and  L1 

d imens iona l  changes ,  w e  c a n  m a k e  the  approx ima t ion :  

L2 f o r  small 
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F o r  c e r m e t  s p e c i m e n s  with lengths  of -0. 9 inch  and 

d i a m e t e r s  of -0 .  4 inch, th i s  gives:  

- I/-’ ( l o -  = - 0. 00016 inch o r  -0. 2 m i l / i n c h  t - 
Leng th  0. 9 

c= 0. 00035 inch  o r  -0. 4 m i l / i n c h .  - 42 (10-412 
t - 
D i a m e t e r  0. 4 

T h u s ,  t he  m a x i m u m  expec ted  a c c u r a c y  of p e r m a n e n t  length  changes  is  

-t 0. 2 m i l s / i n c h  and f o r  d i a m e t e r  changes  is  2 0. 4 m i l s l i n c h .  - 

It i s  i m p o r t a n t  t ha t  t hese  p robab le  e r r o r  bands  on the d imens iona l  

changes  be c o n s i d e r e d ,  e spec ia l ly  when  c o m p a r i n g  one s p e c i m e n ’ s  

p e r f o r m a n c e  o r  behavior  w i t h  that of a n o t h e r ,  
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